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Abstract
Precast-prestressed concrete (PC) girders are among the most cost-effective type of
girders used on highway bridges. Unfortunately, in corrosive environments, corrosion of strands
may result in cracking or spalling of concrete, cross-section loss of strands and degradation of
material properties, which in turn reduces the load-carrying capacity of PC bridges.
This research presents an in-depth analysis of residual flexural strength of corroded
AASHTO Type II pretensioned PC girders with a cast-in-place (CIP) concrete deck. The
investigation involved development of a detailed Finite Element Analysis (FEA) model of the
pretensioned girder-deck system subjected to corrosion. The FEA model developed for this
research considered bond deterioration between corroded strands and surrounding concrete,
deterioration of material properties and cross-section loss of corroded strands. The FEA model
was verified against experimental data from relevant research studies and showed good
agreement. Over three hundred pretensioned concrete girder-deck systems were investigated
with the developed FEA model. Several design parameters were considered: 1) span-depth ratio,
2) prestressing reinforcement ratio, 3) corrosion level, 4) number of corroded strands, and 5)
corrosion length. Results from the FEA model were used to develop a detailed analytical model
to study the residual flexural strength of the girder-deck system. Then, the analytical model was
applied to study the impact of those five parameters listed above on the residual flexural strength
of investigated girder-deck systems.
It was concluded that corrosion of prestressing strands significantly influenced the failure
mode and load-bearing capacity of pretensioned PC girder-deck systems. When corrosion level
was lower or equal to 7.5%, the girder-deck system failed by crushing of the concrete in the

compression zone. For a corrosion level higher or equal to 12.5%, the girder-deck system
exhibited a rupture failure of prestressing strands. The girder-deck system that was corroded to a
mass loss between 7.5% and 12.5% failed either by crushing of the concrete or strand rupture,
depending on parameters such as span-depth ratio, prestressing reinforcement ratio, number of
corroded strands, and corrosion length.
When a corroded pretensioned girder-deck system failed by crushing of the concrete, the
decrease in flexural capacity was affected mainly by the number of corroded strands and
corrosion levels. Impacts of corrosion length, span-depth ratio and prestressing reinforcement
ratio on the strength reduction were negligible. When a corroded pretensioned girder-deck
system failed by strand rupture, the impact of corrosion length on the strength reduction should
also be considered.
Finally, a simplified practical model has been developed to estimate the residual flexural
strength of corroded pretensioned girder-deck systems. The simplified model was tested against
the data of analytical and FEA models, and showed good agreement.
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1. Introduction
1.1 General
Prestressed concrete (PC) girders were first introduced in the United States for the
construction of highway bridges (Walnut Lane Memorial Bridge) in 1950s. Bridges with PC
girders have been built in large numbers over the past five decades. According to the National
Transportation Statistics, as of 2016, around 25.34% bridges were constructed with PC
superstructures. Compared with conventional reinforced concrete (RC) bridge, PC bridges could
increase the load-bearing capacity, improve crack control, and provide slenderness to elements.
However, PC bridges built in cold regions with an increasing use of deicing salts are
quite sensitive to corrosion damage. According to a technical report by PennDOT in April 2009,
the proportion of deficient PC bridges was around 15% of the total PC bridges, statewide
(Harries, et al., 2009). Following sources of damage were concluded in PC girders:
I. Vehicle impact damage
II. Environmental distress (such as chloride intrusion) and simple aging of the structure
III. Improper retrofit or repair practices (leading to localized corrosion cell)
IV. Improper retrofit or repair practices (leading to local spalling)
V. Inadequate maintenance practices
VI. Construction error
VII.

Overload

VIII.

Extreme events (such as natural disaster and fire)

1

These sources of damage may result in cracking or spalling of concrete, and exposed or
corroded strands, which in turn reduce the load-carrying capacity of PC bridges as shown in
Figures 1.1 to 1.3. Table 1.1 presents the damage observed in PC girders accompanied with
possible sources.

Figure 1.1 Corrosion-induced cracking in PC girders (Tiwai Point Bridge, New Zealand)
(Rogers et al., 2012)

Figure 1.2 Concrete spalling due to impact damage (AASHTO I-girder, Lufkin TX)
(Harries et al.,2012)

Figure 1.3 Corrosion damage following impact damage (Lake View Drive Bridge, Pennsylvania)
(Harries et al., 2012)
2

Table 1.1 Types of observed damage and possible sources (Harries, et al., 2009)
Damage Type

Observed Damage

Damage Source

i

Concrete spalling

all

ii

Exposed prestressing strand

all but VI

iii

Corroded prestressing strand without pitting

all but VI

iv

Corroded prestressing strand with light pitting

all but VI

v

Corroded prestressing strand with heavy pitting

all but VI

vi

Partially loss of strand area due to corrosion

all but VI

vii

Complete loss of strand area due to corrosion

all but VI

viii

Strand rupture associated with load or impact

I, IV, VII & VIII

ix

Shear cracking of girder

I, IV, VII & VIII

x

Flexural cracking of girder

xi

Longitudinal cracking of girder

VI, VII & VIII
I, II, VII, & VIII

Among all the damage affecting the performance of existing PC girders, corrosion is the
most common source (Harries, et al., 2009). Since girders are critical load-carrying elements in a
bridge, deterioration of girders caused by corrosion may lead to a decrease in load-carrying
capacity of the bridge. As a result, the safety of the traveling public may be affected. A reliable
estimation of the residual capacity of corroded PC girders is essential for determining the margin
of safety of in-service bridges.
This dissertation discusses the residual flexural strength of AASHTO Type II
pretensioned PC girders with a cast-in-place (CIP) concrete deck, subjected to bond deterioration
and/or corrosion, using finite element analysis (FEA). An analytical model was proposed based
on results from FEA models. In addition, this research presented a simplified practical model to
estimate the residual flexural strength of the pretensioned girder-deck system with unbonded
and/or corroded strands.
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1.2 Research Objectives
The main objectives of this study are:
•

To develop a reliable FEA model and a detailed analytical model to evaluate the
residual flexural capacity of AASHTO Type II pretensioned PC girders with a CIP
concrete deck subjected to bond deterioration and/or corrosion;

•

To investigate the effect of different parameters (span-depth ratio, prestressing
reinforcement ratio, corrosion (or unbonded) length, number of corroded (or
unbonded) strands, and corrosion level) on the residual flexural capacity of the
pretensioned girder-deck system;

•

To develop a simplified practical model, to predict the residual flexural capacity of
the pretensioned girder-deck system with corroded (or unbonded) strands, that is
potentially useful in design practice.

1.3 Research Plan
The research plan for this study is as follows:
Step 1: Review of literature on previous research related to the objectives of this study;
Step 2: Develop a FEA model with ABAQUS/Standard to study the behavior of a
pretensioned girder-deck system subjected to bond deterioration and/or corrosion;
Step 3: Calibrate and verify the FEA model with available experimental data;
Step 4: Conduct a parametric study using the FEA model with the parameters involved in
this research;
Step 5: Develop an analytical model based on results from the FEA models to estimate
the flexural strength of pretensioned girder-deck systems with unbonded and/or
corroded strands;
4

Step 6: Verify the analytical model with the FEA results;
Step 7: Study the impacts of different parameters involved in this research on the flexural
strength of pretensioned girder-deck systems subjected to bond deterioration
and/or corrosion;
Step 8: Develop a simplified practical model based on data from the detailed analytical
model, to estimate the residual flexural strength of pretensioned girder-deck
systems with unbonded and/or corroded strands;
Step 9: Verify the simplified analytical model with the detailed analytical model data and
FEA data.
1.4 Dissertation Outline
This dissertation is presented in seven chapters, including general introduction, literature
review, FEA model, analytical model, impact of different parameters, and practical model.
Chapter 1, this chapter, presents a basic background, objectives, and plan of this research.
Chapter 2 provides a brief knowledge about the corrosion of prestressing strands and PC
members, and a literature review related to this research objectives.
Chapter 3 focuses on the details of the FEA model. Validation of the FEA model is
established by comparing with the experimental data, by other researchers. The sensitivity of the
FEA model is discussed at the end of this chapter.
Chapter 4 introduces the analytical model based on the data from FEA models. Over 300
cases are simulated involving different parameters: span-depth ratio, prestressing reinforcement
ratio, corrosion (or unbonded) length, number of corroded (or unbonded) strands, and corrosion
level. The analytical model results are verified with FEA results.

5

Chapter 5 discusses the effect of all parameters mentioned above on the residual flexural
strength of the pretensioned girder-deck system subjected to bond deterioration and/or corrosion.
Chapter 6 proposes a simplified practical model to calculate the residual flexural strength
of the corroded pretensioned girder-deck system.
Chapter 7 summarizes the research and introduces potential work directions for future
studying in this subject.
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2. Literature Review
2.1 Introduction
PC bridges built in cold regions, where deicing salts are frequently used, and in marine
areas, where seawater is present, are quite prone to corrosion damage. Compared with reinforced
concrete (RC) structures, after corrosion has started, PC structures are more susceptible to
corrosion damage for the following three reasons:
•

The integrity of the bond between prestressing strands and concrete is vital to the
transfer of prestressing force. A much smaller section loss of a strand will lead to a
bond deterioration between the strand and surrounding concrete (Mangual, et al.,
2013);

•

Compared with nonprestressed reinforcing steel, a prestressing strand experiences a
higher stress level, which is around 55% to 65% of its tensile strength. Loss of cross
section caused by corrosion could lead to local yielding or rupture. This could cause a
PC structure to fail without significant warnings (ACI 222.2R-01, 2001);

•

The stress of a prestressing strand is normally four to five times higher than that of
nonprestressed reinforcing steel, and the cross-sectional area of a prestressing strand
is usually smaller than that of nonprestressed reinforcing steel. With the same
corrosion rate, a PC structure would experience much more damage and strength
degradation than an RC structure (ACI 222.2R-01, 2001).

Investigations of corrosion effects on the behavior of RC structures are both intensive and
extensive, however, research related to corrosion effects on the behavior of PC structures is
limited. In recent years, only a limited number of experimental and analytical studies have been
7

carried out to evaluate the residual flexural strength of corroded PC structures. Considering the
limitation of previous work, it is necessary to perform an in-depth investigation on the residual
flexural strength of corroded pretensioned PC girder-deck systems.
2.2 Corrosion of Prestressing Steel
Corrosion of prestressing strands could lead to the reduction of service life or failure of
structures. Compared with conventional reinforcing bars, prestressing strands are more
vulnerable to corrosion. Firstly, the voids between wires leave more space for oxygen, water and
aggressive ions to exist and accelerate the corrosion process. Secondly, strands usually have a
higher surface-to-area ratio compared with conventional reinforcing bars. In addition, corrosion
rate will accelerate under a high stress level (Rogers, et al., 2012). Figure 2.1 shows a corroded
seven-wire prestressing strand before and after cleaning.

Figure 2.1 Corroded seven-wire strand before and after cleaning (Menoufy and Soudki, 2014)
Corrosion of prestressing strands may develop without warnings in the form of rust
staining, cracking or spalling. Consequently, strands with corrosion may debond or break
without prior physical warnings (Bruce, et al., 2008). To study the flexural behavior of
pretensioned PC girder-deck systems with corroded strands, the corrosion mechanism of
prestressing strands and impacts of corrosion on the material properties of prestressing strands
are reviewed in this chapter firstly.
8

2.2.1 Corrosion Mechanism
The fundamental mechanisms for corrosion of prestressing steel in concrete are
essentially the same as those for lower-grade reinforcing bars (ACI 222.2R-01, 2001). The
corrosion process of prestressing steel in concrete is an electrochemical process. For a corrosion
reaction, two electrodes exist in an electrochemical cell: cathode and anode.
At the anode site, where the prestressing strands corrodes, an anodic reaction takes place:
𝐹𝑒 → 𝐹𝑒 2+ + 2𝑒 −
At the cathode site, a cathodic reaction takes place:
1
2

𝑂2 + 𝐻2 𝑂 + 2𝑒 − → 2𝑂𝐻 −

The electrolyte facilities the flow of electrons from the anode to the cathode (Figure 2.2).
Concrete could be served as an electrolyte after freeze-thaw cycles happened (Smith & Virmani,
2000).
Anode

Cathode

Concrete

2e−

O2 + H2 O

2+

Fe

2OH −

Rust

Prestressing strand

Figure 2.2 Corrosion Cell in PC Girder

Usually the corrosion cell can be divided into micro cell and macro cell. The former
happens when the anode and cathode are located next to each other. The latter happens when
they are separated. Corrosion of strands in concrete is due to a combination of micro cells and
macro cells (Smith & Virmani, 2000).
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2.2.2 Corrosion Process
Corrosion process of prestressing strands can be divided into two stages: initial stage and
propagation stage.
In the initial stage of corrosion, a ferrous hydroxide compound (Fe (OH) 2) is formed.
Ferrous hydroxide has low solubility and, in the presence of oxygen and water, is oxidized to
iron oxide (Fe2O3). Prestressing strands are passivated by the iron oxide film (Fe2O3). The iron
oxide film (Fe2O3) itself is a product of the initial corrosion of prestressing strands. As the film is
being formed, the oxygen diffusion rate is reduced, which reduces the corrosion rate.
In the second stage, prestressing strands are de-passivated. This process is controlled by
the environment of surrounding concrete. The basic three elements for corrosion propagation are
oxygen, water, and aggressive ions, such as chloride. The oxygen controls the corrosion rate, but
aggressive ions affect the number of sites where corrosion initiates (Escalante & Ito, 1990).
Although, the concrete surrounding prestressing strands usually could provide a highly alkaline
environment due to the process of cement hydration, with the presence of oxygen, water, and
aggressive ions, the alkalinity in the concrete would decrease, which will in turn increase the
corrosion rate (Jnaid, 2014).
Corrosion of PC girders usually begins in the corner strands which are exposed to
chloride ingress from two sides. With increase in corrosion byproducts, a longitudinal crack
forms at the level of corroded strands. Oxygen, water and aggressive ions could pass through the
cracks and accelerate the corrosion process (Rogers, et al., 2012).
2.2.3 Corrosion Rates
Corrosion-induced damage of steel is usually given by the measurement of the corrosion
rate. The corrosion rate of a metal is defined as the metal loss per unit surface and time. It is
10

commonly measured by corrosion current density in the field. The measured corrosion current
density is converted to weight loss using Faraday’s law:
𝑚=

𝑖𝑐𝑜𝑟𝑟 ∙𝑡∙𝑀
𝑍∙𝐹

(2.1)

Where:
𝑚

= weight loss, in g

𝑖𝑐𝑜𝑟𝑟 = corrosion current density, in μA⁄cm2
𝑡

= time, in s

𝑀

= atomic mass of Fe, 56g

𝐹

= Faraday’s constant, 96,485 c/mol

𝑍

= atomic charge, 2 for anodic reaction

For ordinary reinforcing steel in existing structures, several electrochemical nondestructive methods are available to measure the corrosion rate, such as the open circuit potential
(OCP) method, linear polarization resistance (LPR) measurement, and polarization resistance
method. For prestressing strands, the methods for corrosion rate measurement are different based
on different types of PC members. The corrosion rate evaluation of a pretensioned member is
very similar to a RC member. For a pretensioned concrete girder-deck system, the polarization
resistance method is the most common method to measure the corrosion rate. For bonded posttensioned (PT) members, the most useful technique to assess the existence and level of corrosion
damage to the tendons is the radiography technique (ACI 222.2R-01, 2001).
According to ACI 22.2R-01, the measured corrosion current density gives a reasonable
estimation of the corrosion rate at the test site as described in Table 2.1. This table is only suited
for a qualitative evaluation rather than a quantitative evaluation.
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Table 2.1 Corrosion current density for different corrosion levels (qualitative evaluation)
Corrosion current density
μA⁄cm2

Corrosion level

<0.1

Negligible

0.1 to 0.5

Low

0.5 to 1.0

Moderate

>1.0

High

2.2.4 Corrosion Types
The performance of prestressing steel could be affected by the following corrosion
damage: general or pitting corrosion, stress-corrosion cracking (SCC), hydrogen embrittlement
(HE), and fretting corrosion.
Pitting corrosion is a localized galvanic corrosion cell at weak points or ruptures in the
passivation film (Smith & Virmani, 2000). It is formed mostly because of a lack of homogeneity
of the wire surface or the environment, which leads to the development of separate
electrochemical cells. Pitting corrosion will reduce the cross-section area of the tendon, which
increases the magnitude of the tendon stress. Since prestressing steel is of high strength and
relative low ductility compared with lower-grade steel, the increase in stress caused by pitting
corrosion cannot be redistributed immediately, possibly leading to fracture failure of the wire or
strand (Podolny, 1992). Darmawan and Stewart (2007) conducted an accelerated corrosion test to
study the pretensioned prestressing wires and strands subjected to pitting corrosion. They found
that pitting corrosion were only observed on the exposed wire surfaces of the 7-wire prestressing
strand.
Stress-corrosion cracking (SCC) is a highly localized corrosion. It is caused by the
combination of a corrosive environment and tensile stresses in the prestressing steel, either
12

applied or residual. The cracking caused by stress corrosion is perpendicular to the direction of
the applied stress. For prestressing strands, many environmental factors could cause SCC, such
as nitrates, phosphates, and acetates. Compared with other factors, nitrates have the strongest
effects (ACI 222.2R-01, 2001). Vu et al. (2009) presented an experimental study on the SCC
process on 8-mm-diameter (0.32-in.-diameter) wires. The study showed that the SCC was
characterized by an evolution from the pitting corrosion. However, this evolution was only
visible for highly loaded wires and was mainly due to the mechanical effects and stress
concentration at the pits. For a prestressing wire loaded to 80% of its elastic limit, pitting
corrosion could lead to a 20% of local wire cross-section loss, before SCC induced a brittle
failure of the wire. Unfortunately, research to date has been exclusively on the threshold for the
percentage of cross-section loss which could lead to the SCC.
Hydrogen embrittlement (HE) is defined as the reduction in ductility due to the
absorption of atomic hydrogen into the metal lattice. Absorption of hydrogen atoms by
prestressing steel usually occurs by cathodic charging. Cathodic charging could happen in a
corrosive environment when the prestressing steel is electrically coupled to a more anodic metal
(such as zinc coating) (Podolny, 1992). When atomic hydrogen penetrates the wire or strand, it
will produce an internal pressure through recombining to hydrogen molecules. The internal
pressure could lead to the rupture of prestressing steel.
Fretting corrosion is a form of fretting in which the chemical reaction predominates
(Podolny,1992). Fretting corrosion may happen if the following conditions are satisfied: (1) The
interface is under load; (2) repeated small relative motion occurs between two surfaces; (3) slip
and deformation are produced through the load and relative motion (ACI 222.2R-01, 2001).
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Compared with the occurrences of other corrosion, general or pitting corrosion is the
most common type of corrosion (ACI 222.2R-01, 2001).
2.2.5 Effects of Corrosion on Material Properties of Prestressing Strands
Corroded prestressing steel material properties can be significantly different from
uncorroded prestressing steel, depending on different corrosion levels. Several studies have been
conducted to investigate impacts of corrosion on the material properties of prestressing steel.
In the experimental research carried by Darmawan and Stewart (2007), two pretensioned
PC girders with a single prestressing wire in the center of the section were built. One girder was
under accelerated corrosion and the other was used as a reference girder. An initial prestressing
stress equal to 74% of the tensile strength, was applied. At the completion of the test,
prestressing wires were removed from the PC girders, and two sample wires of 1.0-meter (3.28
ft.) length were tensile-tested to determine changes of stress-strain properties caused by pitting
corrosion. It was found that the failure strain of a corroded wire was smaller than that of a noncorroded wire. Opposed to the common mode of ductile-yielding, the corroded wire showed
brittle failure mode.
Vu et al. (2009) presented an experimental study on the SCC process on 8-mm-diameter
(0.32-in.-diameter) wires. It was found that corrosion of prestressing wires could cause a serious
loss in ultimate strain and brittle failure. It was also observed that, the damage due to steel microcracking led to a 25% loss of modulus of elasticity, and 15% loss of elastic limit, before the
brittle failure.
Rogers et al. (2012) tested nineteen 42-year-old girders from the Tiwai Point Bridge
located in a highly aggressive coastal environment in the South Island of New Zealand. They
indicated that nearly 85% of the capacity of a strand would be lost with a reduction of
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approximately 30% of the strand’s cross-sectional area. 100% of the capacity would be lost with
a reduction of approximately 60% of the strand’s cross-sectional area.
Zeng et al. (2010) performed a research study on the mechanical properties of corroded
prestressing strands. In this experimental research, 15.2-mm-diameter (0.6-in-diameter) sevenwire strands with an ultimate strength of 1,860 MPa (270 ksi) were placed in concrete and
corroded by direct current. The mechanical behaviors of these corroded strands were studied
through tensile tests. It was found that the modulus of elasticity, tensile strength, and failure
strain of corroded strands decreased with an increase in the corrosion level. As corrosion level
was above 8%, the stress-strain relationship of corroded strands was approximately linear. Based
on the regression model proposed by Zeng et al. (2010), a comparison of material properties
between corroded and non-corroded strands are summarized in Table 2.2.
Table 2.2 Comparison of material properties between corroded and uncorroded strands (Zeng et
al.,2010)
Ratio of the corroded strand to
the non-corroded strand (%)

Corrosion Level (ratio of mass loss, %)
2.5

5

10

15

20

25

Modulus of elasticity

97.88

95.76

91.52

87.28

83.04

78.8

Tensile strength

93.29

86.59

73.17

59.76

46.34

32.93

Failure strain

76.53

53.07

24.99

21.40

17.45

13.06

Zhang et al. (2017) also studied the behavior of corroded strands based on experimental
tests. Seven 15.2-mm-diameter (0.6-in-diameter) seven-wire strands with an ultimate strength of
1,938 MPa (281 ksi) were exposed to salt fog in an artificial climate box. Based on the tension
test of the corroded strands, they found that corrosion had small impacts on the degradation of
modulus of elasticity and yield strength. The ductility after yielding was strongly affected by the
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corrosion level. Corrosion could reduce the ultimate strain of the strand and result in a brittle
failure as the corrosion level rose above 11%.
2.2.6 Summary
(1) Corrosion mechanism of the prestressing steel is the same as that of mild reinforcing
bars (ACI 222.2R-01, 2001).
(2) For a seven-wire prestressing strand, general or pitting corrosion is the most common
type of corrosion, which mostly happens at the exposure surface of the exterior wires.
(3) The modulus of elasticity, tensile strength, and ultimate tensile strain of prestressing
steel will be affected by corrosion. Prestressing strands with a higher corrosion level will have a
brittle tensile behavior (Darmawan & Stewart, 2007; Vu et al., 2009; Zeng et al., 2010; Rogers et
al., 2012; Zhang et al., 2017).
2.3 Bond Behavior of Prestressing Strands and Surrounding Concrete
2.3.1 Bond Mechanism
There are three mechanisms of bond between prestressing strands and surrounding
concrete: adhesion, Hoyer’s effect, and mechanical interlock. These three mechanisms are
responsible for transferring stresses from strands to surrounding concrete and develop strand
tensile stress under external load.
Adhesion refers to the interlock between strand surface and concrete at the molecular
level. The contribution of this mechanism is relatively small and only helps in stress transfer
when there is no relative slip. Adhesion only contributes to bond beyond the transfer length of an
unloaded pretensioned PC girder (Natio et al., 2015). In other words, the adhesion effect can be
neglected when a pretensioned PC girder is under external load.
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Hoyer’s effect, as shown in Figure 2.3, indicates the radial expansion of strands due to
tensioning and de-tensioning process. The diameter of the strand will decrease due to Poisson’s
ratio as being tensioned. After the strand is released, this radial contraction will be recovered,
and the strand will dilate. A radial pressure is imposed at the boundary between the prestressing
strand and concrete when the lateral expansion is resisted by the surrounding concrete. This
radial stress, in turn, activates a frictional stress between the surface of the strand and concrete
(Russell & Burns, 1993). Hoyer’s effect only contributes to the bond in the transfer zones of a
pretensioned PC girder.

Transfer length
End slip after release

Strand diameter at and
beyond transfer length
Strand diameter
at the end face
of member

Pretensioning

Prestressing strand

Concrete host

Figure 2.3 Hoyer's Effect (Arab et al., 2011)
Mechanical interlock is the resistance provided between the prestressing strand and
surrounding concrete when the strand attempts to pull out the concrete without twisting. The
seven-wire strand is made up of six wires in a helical form around a single wire. After concrete is
cast, the concrete forms an envelope surrounding the strand. The concrete ridges acting on the
outside wires of the strand provide the resistance mentioned above. Mechanical interlock
provides a major contribution to the bond for a pretensioned PC girder under external load,
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especially in cracked regions. The bond stress from mechanical interlocking is a function of the
normal force, the angle of pitch and the coefficient of friction (Russell and Burns,1993).
For pretensioned PC girders, the transfer of prestressing force from strands to concrete is
mostly achieved through the action of Hoyer’s effect. The mechanical interlock is responsible for
developing strand tensile stress under external load (Russell & Burns, 1993). The transfer bond
stress (τ) decreases from the maximum value at the extreme end of the prestressed member to
zero value at some distance from the end of the member, as shown in Figure 2.4 (Burgueno and
Sun, 2011). This distance is defined as “transfer length”. The variation of stress in tendon has the
opposite tendency in the transfer length, which is zero at the end, and is at the maximum value
(effective stress,fse ) at the end of the transfer length. The transfer length is influenced by many
factors, such as the diameter of prestressing strands, initial or effective prestressing force, and
concrete strength. The variations in transfer length will not normally control the performance of
pretensioned PC structures (Russell and Burns, 1993). The transfer length is calculated by 60
times the strand diameter per AASHTO LRFD Bridge Design Specifications, Section C5.11.4.2.
ACI 318-14 uses an equation to calculate the transfer length of prestressing steel.
𝑓𝑝𝑒

𝑙𝑡𝑟 = (3000) 𝑑𝑏
Where,
𝑙𝑡𝑟 = transfer length of prestressing steel, in.
𝑓𝑝𝑒 = effective stress in prestressing steel after losses, psi.
𝑑𝑏 = nominal diameter of prestressing strand or wire, in.
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(2.2)

bond stress

distance along the length of the member

strand stress

distance along the length of the member

Transfer length

Figure 2.4 Bond stress distribution (Burgueno and Sun, 2011)

2.3.2 Effect of Corrosion on Bond Behavior
The increase of corrosion byproduct could expand strand volume, which may lead to
concrete delamination, spalling, and consequently result in the reduction of bond strength.
Deterioration of bond strength is critical to the load-carrying capacity and serviceability of
pretensioned PC girder-deck systems. However, previous research on the corrosion-induced
bond deterioration between prestressing strands and concrete is very limited. Studies so far have
focused more on the bond deterioration between ordinary reinforcing bars and concrete.
Li and Yuan (2013) performed an experimental investigation of corrosion effects on the
bond behavior between prestressing strands and concrete. Each specimen in the investigation
was reinforced with two 12.7-mm-diameter (0.5-in-diameter) seven-wire low-relaxation strands.
Four specimens were corroded artificially for 17 months until different corrosion crack widths
were formed. Two specimens without corrosion were treated as references. Bond performance
and ultimate bond strength of each specimen were investigated through pull-out tests. Based on
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experimental observed conditions and test results, it was found that the bond strength improved
before the concrete cover cracked. Reduction of bond strength was observed when the crack was
wide enough. The critical crack widths corresponding to the degradation of bond strength was
0.6 mm (0.024 in) for the strand. The corrosion level (mass loss) corresponding to the critical
crack width of 0.6 mm (0.024 in) was more than 2.87%.
Menoufy and Soudki (2014) investigated the corrosion-induced crack width through
experimental tests. Four pretensioned full-scale T girders were casted using salt-bearing concrete
with 2.1% chloride concentration by mass of cement. Acceleration of corrosion was achieved
through placing a stainless-steel tube parallel to the prestressing strand within the corrosion zone.
Three of them were subjected to accelerated corrosion in flexural zone to achieve 2.5%, 5% and
10% mass loss. One girder without corrosion was set as the reference girder. Each girder was
prestressed using a single seven-wire low-relaxation strand with a nominal diameter of 12.7 mm
(0.5 in.). It was observed that cracks were stable up to 2.5% mass loss. Crack width increased
sharply as corrosion level was between 2.5% and 5%. The corrosion-induced crack width was
above 0.6 mm (0.024 in) as the corrosion level was higher than 5%.
2.3.3 Summary
(1) The bond mechanism between prestressing strands and concrete consists of adhesion,
Hoyer’s effect, and mechanical interlock. Adhesion effect is very small and only helps in stress
transfer when there is no relative slip between strands and concrete. Hoyer’s effect plays a major
role at prestressing transfer, and the mechanical interlock is responsible for developing strand
tensile stress under external load (Russell & Burns, 1993).
(2) Based on the results of available research data, the threshold of corrosion level which
could lead to a deterioration of bond strength of 12.7-mm-diameter (0.5-in-diameter) low20

relaxation seven-wire strands is about 2.5% to 5% mass loss (Li and Yuan, 2013; Menoufy and
Soudki, 2014). The bond deterioration mechanism of prestressing steel is a very complex topic.
To simplify the finite element model and analytical model in this study, bond strength between
prestressing strands and surrounding concrete will be neglected once corrosion happens. Only
fully bonded and unbonded situations will be considered in this research.
2.4 Experimental Studies of the Effects of Strand Corrosion on Flexural Strength
Previous experimental tests on the effects of corrosion on flexural strength of ordinary
RC members are extensive. Minkarah and Ringo (1981), Carins and Zhao (1993), Raoof and Lin
(1997), and Sharaf and Soudki (2002), Mousa (2015) investigated the effect of corrosion-induced
bond deterioration on the flexural strength of conventional RC members. Tachibana et al. (1990),
Cabrera (1996), Rodriguez et al. (1997), Huang and Yang (1997), Yoon et al. (2000), and
Maaddawy et al. (2005), revealed the relationship between corrosion of tension reinforcement
and reduction of flexural strength of ordinary RC members through series of experimental
results. They concluded that an increase in unbonded length and corrosion level of reinforcement
was accompanied with a reduction in flexural strength of RC members. Investigations on
corroded PC members are not as common as RC members. Only a limited number of
investigations have been conducted to study the residual flexural strength of corroded PC
members.
2.4.1 Effect of Loss of Bond in the Flexural Zone on Flexural Strength
Bond quality between prestressing strands and concrete are very vital for prestressing
force transfer. Deterioration of bond is mostly caused by corrosion, vehicle impact damage,
frequent over-load, or insufficient grouting, possibly leading to a reduction of flexural capacity
of pretensioned PC girders. However, experimental studies carried out to study the effect of bond
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failure between strands and concrete in flexural zone on the flexural strength of pretensioned PC
girders are very limited.
Wang et al. (2014) tested five PT rectangular girders under four points loading with
different grouting conditions: full grouting (B1), no grouting (B2), grouting in the half crosssection of duct (B3), no grouting in the half span (B4), and no grouting in central region (B5).
Each specimen was reinforced with a single 15.2-mm-diameter (0.6-in.-diameter) seven-wire
low-relaxation strand. Concrete compressive strength was around 34.47 MPa (5ksi.) for these
specimens. It was found that the grouting in the half cross-section of duct or no grouting within
the pure flexural spans had no significant effect on the cracking load. However, cracking loads of
B2 and B4 decreased. All five girders failed due to concrete crushing in the pure flexural span.
B1, B3 and B5 had a similar flexural strength, while, the flexural strength of B2 and B4 were
23.8% and 10.3% lower than that of B1, respectively. It was concluded that an absence of
grouting in the ducts reduced the flexural strength, whether in the shear-flexural spans, or along
the girders. The effect of grouting conditions on the flexural strength depends on the grouting
ratio, ungrouted length and location.
2.4.2 Effect of Strand Corrosion in the Flexural Zone on Flexural Strength
Strand corrosion in the flexural zone of PC girders is usually accompanied with a loss of
bond. The most common two sources are vehicle impact damage and grout-related problems.
Vehicle impact could result in spalling of concrete cover. Exposed strands are more vulnerable to
corrosion compared with embedded strands. For post-tensioned (PT) girders, an incomplete
filling of the duct with grout could lead to a concentration cell due to variations in the chemical
and physical environment along the length of the tendon (ACI222.2R-01). The following
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experimental investigations have been conducted to study the effect of strand corrosion in the
flexural zone on the flexural strength of PC members.
Young and Kim (2006) conducted several ultimate load tests to study the effects of
tendon corrosion on the flexural strength of bonded PT rectangular concrete girders reinforced
with a single tendon. Two rectangular bonded PT girders with different reductions of tendon area
(10% and 30%) were tested under three-point loading. Based on the experimental test results, it
was found that the flexural strength of corroded girders was influenced by the loss of tendon
area. For tested girders which had lost 10% and 30% of the tendon area, the flexural strengths
were close to the calculated values based on 30% and 60% loss of tendon area, respectively.
They suggested that the estimation of residual flexural strength of PC girders with corroded
tendon based on the loss of tendon area only was not reliable.
Different from tests conducted by Young and Kim (2006), only the loss of tendon area
was included as a parameter, Minh et al. (2008) considered different grouting conditions, in
addition to the corrosion level in their experimental tests. Minh et al. (2008) carried out an
experimental test program to investigate the effect of chloride-induced corrosion on PT
rectangular girders using the electrically accelerated corrosion testing method. Each specimen
was reinforced with a single 9.3-mm-diameter (0.37-in.-diameter), Grade 250, seven-wire strand
under different grouting conditions. The corrosion level (mass loss) in this study was between
0% to 0.76%. Flexural responses of these deteriorated post-tensioned girders were tested under
four-point loading. All specimens tested failed in flexural, due to the crushing of concrete in the
compression zone. They found that the corrosion of prestressing tendons led to a reduction in the
load-carrying capacity of these specimens. The maximum observed reduction in load-carrying
capacity was 30%, in the case of ungrouted girder with 0.76% mass loss.
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The specimens tested in the two studies cited above were both PT girders with a
rectangular section and were reinforced with a single strand, which were not commonly used in
practice. Diao (2009) investigated the corrosion impact on the PT girders with an I-shape section
in the flexural zone. A series of experimental tests were conducted by Diao (2009) to study the
flexural response of PT girders with corroded strands. Three bonded PT girders (L1, L2, L3)
with a 0%, 5%, and 10% corrosion level (mass loss), respectively, were loaded to failure. Section
dimensions of these girders were varied along the span. Two draped 7-wire low-relaxation
strands with 15.2-mm-diameter (0.6-in.-diameter) were designed for these specimens. It was
found that the stiffness of these girders was not affected under a small external load. While at a
high external load, the stiffness of these girders decreased as the corrosion level increased. As
the corrosion level was smaller than 5%, corrosion effect on the cracking load and ultimate load
could be neglected. As the corrosion level increased to 10%, there was a 25% reduction in the
ultimate load compared to the reference girder.
The corrosion level in the experimental tests conducted by Diao (2009) was up to 10%.
Zeng et al. (2010) investigated the flexural response of bonded PT rectangular concrete girders
with corrosion levels between 0% to 26%. A total of nine PT rectangular concrete girders were
tested to failure under four-point loading. Each girder was reinforced with a seven-wire low
relaxation 15.2-mm-diameter (0.6-in-diameter) strand with a different corrosion level. It was
found that when the corrosion level was less than 8%, specimens would lose their flexural
capacity due to crushing of concrete in the compression zone. When the corrosion level was
larger than 8%, specimens would fail because of the rupture of corroded strands. Generally, the
higher the corrosion levels, the lower the cracking load, yielding load, and ultimate load of the
tested girders.
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Previous investigations discussed related the flexural response of PT girders with
corroded strands (Yong and Kim, 2006; Minh et al., 2008; Diao, 2009; Zeng et al., 2010). The
following experimental investigations have been conducted to study the effect of strand
corrosion in the flexural zone on the flexural strength of pretensioned members.
Rinaldi et al. (2010) carried out an experimental investigation to study the flexural
behavior of pretensioned rectangular girders reinforced with three 12.7-mm-diameter (0.5-in.diameter) seven-wire prestressing strands corroded to 7%, 14%, and 20% mass loss in flexural
zone. The experimental tests were conducted on nine prestressed girders. The concrete
compressive strengths were 34, 42, and 47.4 MPa (4,900, 6,100, and 6,900 psi). Results revealed
that corrosion of prestressing strands strongly affected the behavior of simple supported
pretensioned girders subjected to bending, in terms of load-bearing capacity, ductility, and
failure mode. Based on the experimental results, girders with a corrosion level below 7% failed
in flexural, due to the crushing of concrete in the compression zone. Girders corroded to 14%
and 20% mass loss failed with the local rupture of strands. Since bond failure occurred due to
low quality of concrete in this study, the comparison between the flexural capacity of corroded
girders to the reference girder is less meaningful.
Rogers et al. (2012) performed several destructive tests on nineteen pretensioned concrete
bridge girders containing both pretensioned and post-tensioned reinforcement from Tiwai Point
Bridge. The measured flexural capacity of each girder with corrosion damage was compared
with the flexural capacity of good-condition girders of the same design. A comparatively large
number of data points relating destructive and nondestructive condition assessments to measured
flexural strength for girders with varying degrees of corrosion damage was provided. Results
from the study showed that the worst-condition girders with four damaged strands in the bottom
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layer achieved strengths of 68% and 69% of their good-condition counterparts. The strength loss
was approximately proportional to the number of strands affected by corrosion.
Menoufy and Soudki (2014) tested four pretensioned full-scale T girders to quantify the
effect of corroded strands on the flexural capacity. Three girders were subjected to accelerated
corrosion in flexural zone (1/3 of the span length) to achieve 2.5%, 5% and 10% mass loss. One
uncorroded girder served as the reference specimen. Girders were constructed using 40MPa
(5,800 psi) concrete and had the following dimensions: flange width of 400 mm (16 in.) with
thickness of 100mm (4 in.). Each girder was prestressed using a single seven-wire low-relaxation
strand with a nominal diameter of 12.7 mm (0.5 in.) and a nominal tensile capacity of 1,860 MPa
(270 ksi). It was concluded that the cracking load, ultimate load, and mid-span deflection of the
girders decreased as the extent of corrosion increased. Compared with the control girder, girders
which had 2.5%, 5%, and 10% strand mass loss exhibited a 6.5%, 9.93%, and 26% reduction in
ultimate flexural capacity, respectively. The uncorroded reference girder failed with a multiplewire rupture at one location. The failure of corroded girders was noticed by wire ruptures
occurring at multiple adjacent locations.
2.4.3 Summary
(1) Previous experimental tests on pretensioned PC girders with loss of bond in flexural
zone are very limited. Based on the experimental results from Wang et al. (2014), unbonded
length would have an impact on the flexural strength of PC girders.
(2) Flexural strength of pretensioned girders will decrease with an increase in corrosion
levels. Based on previous experimental studies, failure modes of pretensioned girders under
external loading will be different depending on the corrosion levels. With a low corrosion level,
pretensioned girder will fail in flexural, due to the crushing of concrete in the compression zone.
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If the corrosion level is high, pretensioned girder will fail with rupture of strands in the corrosion
zone (Zeng et al., 2010; Rinaldi et al., 2010; Yu,2013). Threshold for the corrosion level to affect
the failure mode of pretensioned girder-deck systems needs to be determined.
(3) Most specimens of corroded PC girders in previous experimental tests are rectangular
girders with a single strand. Investigations into the effects of corrosion on PC girders with nonrectangular cross-section are very limited. So, it is necessary to study the effect of corrosion on
the flexural strength of PC girders with a non-rectangular cross-section, as those used in practice.
2.5 FEA Studies of Effects of Strand Corrosion on Flexural Strength
Understanding the behavior of concrete structures relies heavily on experiments which
are labor intensive, and costly. As a numerical tool, FEA offers an efficient and powerful
solution for engineers to simulate and predict the response of concrete structures. Many
researchers have studied the behavior of PC girders through FEA models which are summarized
below. However, studies on FEA modeling of PC members with corroded strands are very
limited.
2.5.1 Prestressed Concrete Members with Bonded Strands
Baxi (2005) performed a two-dimensional finite element analysis using ABAQUS 5.4 to
study the bond behavior of strands in the end region of pretensioned PC concrete girders. These
models consisted of standard eight-node biquadratic reduced integration elements of concrete,
and three-node quadratic truss elements of strands. The bond between strands and concrete was
modeled with spring contact elements consisting of horizontal and vertical springs with nonlinear properties. Different spring properties were applied in the transfer and flexural bond zone.
The former was based on test results from Project 1210 by Russell and Burns in 1993. Properties
of spring contact elements in the flexural bond zone were determined with an idealized bond
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stress-slip relationship. Prestressing transfer was modeled using the initial prestressing force
option in the first load step before applying external loads. Mesh was from 51 mm (2 in.) in the
transfer bond region to 102 mm (4 in.) in the flexural bond region. The FEA models were
verified against experimental tests of Project 1210 and showed good agreement.
Burgueno and Sun (2011) created a three-dimensional FEA model of a PC girder using
ABAQUS 6.9. Both concrete and strands were modeled with eight-node linear brick elements
with reduced integration. Concrete Damaged Plasticity (CDP) model was adopted to simulate the
inelastic behavior of concrete. A simplified circular cross-section with an area equivalent to the
actual seven-wire strand was identified in this FEA model. Prestressing force was applied
through initial stress condition. Interaction between concrete and strand was modeled through
surface-to-surface contact including normal and tangential behavior. “Hard contact”, a built-in
feature in ABAQUS, was used to define the normal behavior. Basic coulomb friction model was
applied to simulate the tangential behavior of the bond between prestressing strands and
surrounding concrete. The numerical simulations showed good agreement with their
experimental data.
Arab et al. (2011) developed a three-dimensional FEA model of a pretensioned PC girder
with a single prestressing strand using ABAQUS 6.9. Two approaches were investigated in the
FEA model: extrusion technique and embedment technique. As for extrusion technique, the
interface between strands and concrete was modeled using the friction-base surface-to-surface
contact model in ABAQUS. Tangential behavior of the contact model was governed by the
coefficient of friction. A parametric study with different coefficient of friction: 0.7 and 1.4 was
conducted in their FEA model. Normal behavior of this model was simulated using a “hard”
pressure-overclosure relationship. As for embedment technique, concrete elements were treated
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as host elements and strand elements were slave elements. No contact model existed. Once
strand elements were embedded into concrete, degrees of freedom at nodes of strand elements
would be eliminated. Models using these two different techniques showed reasonable
consistency with experimental results. It was concluded that: (1) both techniques were applicable
to FEA modeling of pretensioned concrete members. Extruded method could provide more
details at the interface between concrete and strands compared with the embedded method.
While, embedded models were less complicated; (2) Extrusion technique using the friction
simulation could provide an acceptable approximation to the pretension process and transfer
length. Friction coefficients of 0.70 and 1.4 with other contact parameters were adequate to
provide the lower and upper bound interface interactions between strands and concrete
immediately after the release of prestressing force.
Okumus et al. (2012) modeled a PC girder using ABAQUS 6.9 and identified the input
parameters and model features, which had significant impacts on the FEA modeling of PC girder
ends at prestress release. First order elements with a tetrahedral shape were applied to simulate
the concrete at the girder end with a finer mesh. Brick elements were applied to simulate the
concrete at other locations of the girder with a coarser mesh. Strands were modeled with threedimensional truss elements. Embedment technique was used to model the contact between
prestressing strands and surrounding concrete. Initial modulus of elasticity and cracking strength
of concrete were calculated per AASHTO LRFD Bridge Design Specifications. Concrete postcracking stage was described with fracture energy in this model. Prestressing force was applied
along the prestress transfer length on the concrete as surface load around the diameter of strands.
Chen et al. (2012) investigated structural behaviors of ultrahigh performance concrete
(UHPC) girders with ABAQUS. Eight-node linear brick elements with reduced integration were
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applied to both UHPC and strands. Flexural behavior of the FEA model using CDP concrete
material model was compared with that of the FEA model using Concrete Smeared Cracking
(CSC) model. The former could replicate the experimental load-deflection curve. The latter
model produced a stiffer response with the same material properties.
Yapar et al. (2015) presented a nonlinear FEM modeling of a T-shape PC girder with two
strands using ABAQUS 6.13. Strands were modeled using equivalent rectangular cross sections.
4-node linear tetrahedron elements were applied to simulate both concrete and strands. In the first
step, an interaction with only normal behavior using “hard contact” was developed to simulate
the initial prestressing strands before the pouring of concrete. In the second step, interfacial
distributed contact elements with zero dimensions were added to transfer normal and tangential
forces at the interface. Plastic behavior of concrete was simulated using the CDP model. Material
model of strands was taken from the PCI Design Handbook. An approximation bilinear
relationship was used for the stress-strain curve of prestressing strands. The FEA model showed
good agreement with experimental results.
2.5.2 Prestressed Concrete Members with Unbonded or Corroded Strands
Ellobody and Bailey (2008) investigated the behavior of unbonded PT one-way concrete
slabs with a three-dimensional model using ABAQUS 6.5. The eight-node cubic elements and
six-node linear triangular prism elements were used to model the concrete and strands,
respectively. Concrete plastic material properties were simulated using the CDP model with
tension stiffening. The stress-strain relationship used to describe the material properties of
strands was taken from experimental test results. To simulate the unbonded condition of strands,
only normal forces were transferred through the interface elements when strands and concrete
were in contact. Measured post-tensioning stresses in strands were applied through the initial
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condition in ABAQUS 6.5. Self-weight of the slab was applied as a static uniformly distributed
load on the top surface of slab. Ultimate load of the FEA model was achieved when the concrete
strains in the compression zone of the maximum bending moment region under the spreader
plates approached the maximum compressive strains. Results including ultimate loads, loaddeflection curves, and failure modes from the FEA model showed good agreement with
experimental results.
Kang and Huang (2012) performed an FEA study of unbonded and bonded PT structures
using ABAQUS. Three different modeling techniques were used: contact technique which
reflected the true physical condition of the tendon in concrete, multiple-spring system which
provided more flexibility in modeling and robustness in convergence issues, and contact
formulation which included both tangential and normal behaviors. eight-node brick elements
with reduced integration were used to model the concrete. Prestressing strands were simulated
with three-dimensional truss elements. Concrete material properties were identified in ABAQUS
with CDP model. Post-tensioning tendons were modeled with a nonlinear model consisting of
multiple isotropic elasto-plastic segments. Mild reinforcing steel in the model was modeled with
an elasto-perfect plastic model. For the contact modeling with the third technique, unbonded
behavior between prestressing strand and concrete was modeled with a frictionless contact
surface. Results from different techniques were compared with each other. It was concluded that
all these three modeling approaches were reliable, with the third method being the most
computationally efficient one.
Kang et al. (2015) performed a series of numerical simulations with ABAQUS to study
the structural performance of PT concrete members with bonded or unbonded strands. A linear
decreasing line was used to describe the tension stiffening effect in the FEA model. Eight-node
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linear brick elements with reduced integration was used to model the concrete. Prestressing
strands were simulated with three-dimensional truss elements. Node-surface contact with a
frictionless tangential behavior was used to describe the unbonded condition between strands and
concrete. The FEA models showed good agreement with experimental results tested by others.
2.5.3 Nonprestressed Steel Reinforced Concrete Members with Corroded Rebars
Since the previous works on the modeling of corroded pretensioned PC members are
limited, FEA modeling of corroded conventional RC members provide an essential source for
studying the modeling of corroded PC members. FEA studies of RC members with corroded
reinforcement are summarized as follows.
Yuan and Yu (1997) analyzed RC girders with different corrosion levels between 0% to
12% using the FEA method. Triangular element and truss element were adopted for concrete and
steel, respectively. Dimensionless connection elements were used to simulate the relative bondslip between concrete and steel elements in the two-dimensional FEA model. Deterioration of the
concrete properties due to corrosion was neglected. The influence of corrosion on the steel
mechanical properties and deterioration of bond properties were included in the FEA model.
Wurst (2013) performed a finite element analysis on a corroded RC girder using
ABAQUS. Both two-dimensional and three-dimensional models were built to determine the
input parameters required to model the uncorroded and corroded girders. Based on the simulation
process, it was found that the two-dimensional model was straightforward, in both creation and
calibration. However, the corrosion effects within the two-dimensional model could not be
modeled directly. Flexural strength reduction of the corroded two-dimensional model was
satisfied to a reasonable extent. The three-dimensional model in this research included the bond
deterioration between the rebars and surrounding concrete, and the pressure caused by the
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creation of corrosion by-products. Three-dimensional model had the potential of producing more
accurate results, however, it was difficult to calibrate.
Jnaid (2014) conducted an FEA study on corroded RC girders using ANSYS. Brick
element, truss element, and spring element were used for concrete, steel bars, and bond between
reinforcing steel and surrounding concrete, respectively. The corroded rebar with a different
yield plateau and a reduction of cross-sectional area were used in the model. Effects of the
corrosion level and corrosion length on the flexural capacity of corroded RC girders were studied
in this research.
Ghods et al. (2014) also modeled a concrete girder with corroded reinforcement using
ANSYS. A reduction of the reinforcement cross-sectional area and deterioration of bond strength
were considered in this model. The effects of reinforcement corrosion on the load-carrying
capacity and bond strength were investigated. It was concluded that with an increase in the
corrosion level, both load-carrying capacity and bond strength decreased.
2.5.4 Summary
(1) Previous work on FEA modeling of PC members are available, however, FEA study
on the corroded PC members are very limited. It is necessary to build a reliable FEA model of
corroded pretensioned PC girder-deck systems.
(2) Modeling with extrusion technique of pretensioned PC girder-deck systems can
provide more details at the interface between concrete and strands. Both tangential behavior and
normal behavior need to be provided in the extrusion technique. Loss of bond could be modeled
with frictionless tangential contact formulation.
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(3) The reduction of cross-sectional area, corrosion-induced deterioration of material
properties of prestressing strands, and loss of bond between strands and surrounding concrete
need to be considered in the FEA modeling of corroded pretensioned PC girder-deck systems.
2.6 Analytical Studies on Effects of Strand Corrosion on Flexural Strength
Corrosion damage may cause a deterioration in the bond strength between prestressing
strands and surrounding concrete, in addition to impacts on material properties. Corrosion may
occur in any length along the span of a PC member. In addition, the number of strands affected
by corrosion is also a variable. These make the theoretical investigation on the flexural response
of corroded PC members quite difficult. Only a few analytical studies have been developed to
study the response of corroded PC members at ultimate limit state.
2.6.1 Effect of Strand Corrosion on Flexural Strength of PC Girders
Ting and Nowak (1991) developed a procedure to investigate the effect of strand crosssection loss on the moment carrying capacity of PC girders using the finite difference method.
Moment-curvature diagrams were developed including three special points: no stress at the
bottom concrete fiber, cracking of the bottom concrete fiber, and crushing of top concrete fiber.
Behavior of the PC section was analyzed using a linear elastic and nonlinear inelastic theory. It
was concluded that the strength decreased linearly with the increase in strand cross-section loss.
The deterioration of strand mechanical properties and bond strength were not included in this
study.
Cavell and Waldron (2001) described an analytical model to assess the residual strength
of post-tensioned bridge girders with the effects of tendon failure and regions of grout voids.
This model was based on the concept of strain compatibility but modified for the behavior of
unbonded tendons caused by grout voids. Their analysis included the effect of tendon failure
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with bonded girder theory and analysis of the effects of the grout voids with unbonded girder
theory. The phenomenon of tendon re-anchoring of failed tendons was incorporated in this
model.
Natio et al. (2011) proposed a method to determine the flexural capacity of box girders
with corrosion of longitudinal strands. A probabilistic estimation based on the observed results
was used in the method. Residual strength estimation was correlated with the presence of
longitudinal cracks, type of corrosion, and strength loss of strands. It was concluded that the
proposed method provided a less conservative estimation of the residual strength compared with
the in-situ condition of girders.
Zhang et al. (2017) developed an analytical model to predict the ultimate strength of
locally ungrouted PT girders with corroded strands. This model considered the strain
incompatibility between strands and concrete within the ungrouted regions, corrosion-induced
material deterioration and cross-section loss of strands. Girders were divided into small segments
in both grouted and ungrouted regions. For fully grouted segments, concrete strain was solved
based on the strain compatibility for a given value of external load. Concrete strain in the
ungrouted segments under the applied load was solved using an iteration method by giving an
initial guess of the unbonded strand stress. By increasing the applied load and repeating the
iteration process, ultimate state was obtained when either the concrete strain at compression side
reached the ultimate strain, or the strand stress exceeded tensile strength. The proposed analytical
model showed reasonable predictions of the flexural behavior of locally ungrouted PT girders
with corroded strands compared with experimental data. It was concluded that corrosion reduced
the flexural strength of PC girders, and failure modes changed from concrete crushing to wire
rupture with an increase in the corrosion level.
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2.6.2 Summary
Analytical studies about the response of corroded pretensioned PC members at ultimate
state are very limited. It is necessary to develop an analytical study to estimate the residual
flexural capacity of corroded pretensioned PC girder-deck systems considering the followings:
cross-section loss of strands, deterioration of bond between prestressing strands and concrete,
and degradation of material properties caused by corrosion.
2.7 Summary and Conclusions
Since it was not until the 1980s that the corrosion-induced deterioration was first
observed in PC structures, studies about corroded PC members became available only in recent
decades.
Same as mild reinforcing bars, the corrosion process of prestressing strands is an
electrochemical process. General or pitting corrosion is the most common type of corrosion and
usually happens at the exposure surface of the exterior wires of a prestressing strand. Compared
with non-prestressing steel, prestressing strands are more susceptible to corrosion, and
performance of prestressing strands will be affected by corrosion. The modulus of elasticity,
tensile strength, and failure strain of a prestressing strand will decrease with an increase in the
corrosion level. In addition to the material degradation, deterioration of bond strength between
strands and surrounding concrete should also be considered when corrosion occurs.
PC members are more susceptible to corrosion damage in comparison to RC members,
however, previous work on their residual flexural strength are very limited. Parameters included
in previous experimental studies (Young and Kim, 2006; Diao, 2009; Zeng et al.,2010; Rinaldi et
al., 2010; Yu, 2013; Menoufy and Soudki, 2014; Rogers et al.,2012), which may have an impact
on the flexural strength of corroded PC members are as follows:
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1) Corrosion length;
2) Corrosion level;
3) Number of strands affected by corrosion.
It was found that the reduction in flexural strength was approximately proportional to the
number of strands affected by corrosion. In addition, flexural strength decreases as corrosion
level increases. Failure modes were also affected by the corrosion levels. Since most specimens
of corroded PC girders in previous experimental studies were rectangular sections with single
strand, an investigation on the pretensioned AASHTO type girder-deck system, which is
commonly used in bridge construction, is necessary.
FEA techniques are demonstrated to provide a robust simulation for the response of PC
members. However, previous work on the FEA modeling of corroded pretensioned PC members
are limited. Based on the literature review, a three-dimensional FEA model needs to be built to
study the corrosion impacts on the flexural strength of pretensioned PC girder-deck systems.
Bond deterioration between corroded strands and surrounding concrete, cross-section loss of
corroded strands, and corrosion-induced deterioration of material properties need to be included
in the model. Extrusion technique, which can provide more details at the interface between
concrete and strands, should be applied in the three-dimensional FEA model.
Analytical investigations on the flexural response of corroded pretensioned PC members
are very limited, due to the complexity of the problem and limitations of experimental
investigations. Based on all of the above, it is necessary to investigate the effects of corrosion on
the flexural carrying capacity of pretensioned PC girder-deck systems and to develop a
simplified model to estimate the residual flexural strength of a PC girder-deck system with
corroded strands.
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3. Finite Element Analysis
3.1 Introduction
This chapter introduces a three-dimensional, nonlinear static analysis of the pretensioned
girder-deck system with corroded (or unbonded) strands performed with ABAQUS/Standard
(version 6.16). The FEA model was verified against experimental data, and then it was employed
to investigate the effect of different variables including the span-depth ratio, prestressing
reinforcement ratio, corrosion (or unbonded) length, number of corroded (or unbonded)
prestressing strands, and corrosion level.
3.2 Material Properties
3.2.1 Concrete Material Properties
Describing the behavior of concrete precisely could improve the accuracy of finite
element analysis results. However, concrete exhibits very complex behavior due to its
inhomogeneous nature, which makes it difficult to define a material model representing the real
response of concrete (Mercan, et al., 2010). In the absence of measured experimental data, the
compressive stress-strain model of concrete developed by Yang et al. (2014) was adopted in this
FEA model as Figure 3.1. This material model covers a wide range of compressive strength
between 10 and 180 MPa (1.5 and 26.1 ksi).
Modulus of elasticity in the model proposed by Yang et al. (2014) is defined as the slope
of the line joining the origin and 40% of the peak strength and can be calculated using the
following equation:
𝐸𝑐 = 𝐴1 (𝑓𝑐′ )𝑎 (𝑤𝑐 ⁄𝑤0 )𝑏
Where:
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(𝑀𝑃𝑎)

(3.1)

𝐸𝑐 = modulus of elasticity of concrete (MPa)
𝐴1 = 8470
𝑎 = 1/3
𝑏 = 1.17
𝑓𝑐′ = compressive strength of concrete (MPa)
𝑤𝑐 = density of concrete, use 2,400 kg⁄m3 (150 lb⁄ft 3 )
𝑤0 = 2,300 kg⁄m3 (144 lb⁄ft 3 ), reference value
Nonlinear branch of the concrete compressive behavior proposed by Yang et al. (2014) is
expressed by the following formula:
𝑓𝑐 = [

𝜀
(𝛽1 +1)( 𝑐 )

𝜀0
𝜀𝑐 𝛽1 +1
( )
+𝛽1
𝜀0

] 𝑓𝑐′

(𝑀𝑃𝑎)

(3.2)

Where:
𝜀𝑐 = concrete compressive strain (variable)
𝑓𝑐 = concrete compressive stress corresponding to εc (MPa)
𝜀0 = concrete compressive strain at peak stress, 0.0016exp[240(fc′ ⁄Ec )]
𝛽1 = 0.41exp(0.77ξ)
𝜉 = (fc′ ⁄f0 )0.67 (w0 ⁄wc )1.17
𝑓0 = 10 MPa (1.5 ksi), reference value

Tensile capacity of concrete is typically neglected in strength design of concrete
members. Reinforcement imbedded in the concrete is assumed to entirely resist the tensile force.
To improve the accuracy of finite element analysis results, tensile capacity of concrete was
considered in the FEA model.
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Tensile behavior of concrete before cracking was assumed to be a linear ascending line
until the stress reaches the concrete modulus of rupture, 𝑓𝑟 (Figure 3.1). The value of 𝑓𝑟 was
obtained per AASHTO LRFD Bridge Design Specifications 5.4.2.7 in Eq. (3.3).
𝑓𝑟 = 0.24√𝑓𝑐′

(𝑘𝑠𝑖)

(3.3)

Tension stiffening, ability of concrete to carry tension force between cracks, was defined
through post-cracking stress-strain relationship in this study. Many factors, such as the concrete
strength, distribution of reinforcing steel, bar size, bond properties and shrinkage of concrete
may possibly influence the tension stiffening of concrete (Fields and Bischoff, 2004). The way to
define tension stiffening in finite element analysis affects the efficiency of numerical solution.
Convergence problem could happen if the tension stiffening is too small.
Several models have been proposed for describing the post-cracking tensile behavior of
concrete (Belarbi and Hsu,1994; Kaklauskas and Ghaboussi, 2001; Fields and Bischoff, 2004).
To simplify the FEA model in this study, concrete stress after cracking reduced linearly to zero
at a strain value ranging from 5 to 25 times the cracking strain (Kaklauskas and Ghaboussi,
2001). ABAQUS/Standard suggests a start point to assume that the strain softening after
cracking reduces the stress linearly to zero at a total strain of about 10 times the cracking strain.
After calibration, the FEA model exhibited best matching behavior to experimental data
of fully bonded PC members at a ratio of 20 between total strain and cracking strain. For
unbonded PC members, the stress after cracking decreased linearly to a negligible value at
approximately 5 times the cracking strain with the consideration of balance between accuracy
and computational complexity. For members with partially unbonded strands, the ratio of total
strain to cracking strain was set as a value between 5 to 20 using linear interpolation based on the
percentage of unbonded strands. The impacts of other parameters, such as the prestressing
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reinforcement ratio and concrete compressive strength, on the tension stiffening were neglected
in this study. For analytical purposes, above sophistication is sufficient since the contribution of
concrete tensile strength is usually negligible in the design process.

fc = ቂ
fc’

(β1 +1)(εc ⁄ε0 )
(εc ⁄ε0 )β1 +1 +β1

ቃ fc′

(Yang et al., 2014)
Stress, fc
A
0.4fc’

Compression

Ec

εcr
Tension

fr

εo

εcu

Strain, εc

Figure 3.1 Concrete stress-strain diagram

Concrete elastic material properties including the modulus of elasticity and Poisson ratio
were defined through the linear elastic module in ABAQUS 6.16. Modulus of elasticity of
concrete was calculated through Eq. (3.1). Poisson’s ratio was taken as 0.2 for concrete in this
study per AASHTO LRFD Bridge Design Specifications 5.4.2.4. The nonlinear plastic
properties of concrete were simulated through the concrete damaged plasticity (CDP) model.
Three concrete constitutive models to describe the inelastic mechanical properties of
concrete are readily available in ABAQUS 6.16: concrete cracking model, concrete smeared
cracking model (CSC), and concrete damaged plasticity (CDP). Concrete cracking model is most
applicable for structures with brittle behavior with the assumption that the compressive behavior
is linear elastic. CSC model does not track individual macro cracks. The stress and material
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stiffness associated with the integration point will be changed once the stress reaches a failure
surface. CSC model is intended to model the concrete structure behavior dominated by cracking
under monotonic loading. CDP model, on the other hand, is under the assumption that the
inelastic behavior of concrete is decided by two main failure mechanisms: tensile cracking and
compressive crushing of concrete. CDP model is applicable for concrete structures under either
monotonic loading or cyclic loading.
In addition to the concrete compression hardening and tension stiffening stress-strain
behavior, a set of material parameters including dilation angle (ψ), eccentricity (m), ratio of
initial equibiaxial to uniaxial compressive yield stress (σb0/ σc0), ratio of the second stress
invariant on the tensile meridian to that on the compressive meridian (Kc), and viscosity
parameter is required in a CDP model. Values of these material parameters included in the CDP
model are shown in Table 3.1.
Table 3.1 Material parameters included in CDP model
Parameter

Value

Dilation Angle (ψ)

31o

Eccentricity (m)

0.1

Ratio of initial equibiaxial to uniaxial compressive yield
stress (σb0/ σc0)
Ratio of the second stress invariant on the tensile
meridian to that on the compressive meridian (Kc)
Viscosity parameter

1.16
0.67
0.001

The value of dilation angle was calibrated through a series of parametric studies which
will be introduced later in this chapter. The default values were set to the other four parameters.
Since all numerical simulations in this study involved a monotonic loading history, concrete
damage factors in CDP model, mostly used for cyclic loading, were neglected in the FEA model.
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3.2.2 Strand and Steel Material Properties
Prestressing tendon used in the FEA model was the Grade 270 seven-wire low-relaxation
prestressing strand. The nonlinear stress-strain relationship of the prestressing strand was
determined through PCI Design Handbook (7th edition) as follows.
𝐸𝑝𝑠 𝜀𝑝𝑠 ,
𝑓𝑝𝑠 = {

270 − 𝜀

𝜀𝑝𝑠 ≤ 0.0085
0.04
𝑝𝑠 −0.007

, 𝜀𝑝𝑠 > 0.0085

(𝑘𝑠𝑖)

(3.4)

Where:
𝜀𝑝𝑠 = strain of prestressing strands in tension (variable)
𝑓𝑝𝑠 = stress of prestressing strands corresponding to εps (ksi)
𝐸𝑝𝑠 = modulus of elasticity of prestressing strands, 28,800 ksi (PCI, 2010)
Grade 270 strand has an ultimate tensile strength of 1,860 MPa (270 ksi). The
approximate strain at rupture is assumed to be 0.07 and the yield strength at 1% elongation is
1,675 MPa (243 ksi). To simplify the model, the nonlinear stress-strain curve from PCI Design
Handbook above was broken into piecewise linear segments.
Elasto-perfectly plastic model with a yield strength of 414 MPa (60 ksi) was employed
for the nonprestressed steel in this FEA model.
𝜀𝑠 𝐸𝑠 , 𝜀𝑠 ≤ 𝜀𝑠𝑦
𝑓𝑠 = {
𝑓𝑦 , 𝜀𝑠 > 𝜀𝑠𝑦
Where:
𝜀𝑠 = strain of reinforcing bars (variable)
𝜀𝑠𝑦 = yield strain of reinforcing bars
𝑓𝑠 = stress of reinforcing bars corresponding to εs (ksi)
𝑓𝑦 = specified yield strength of reinforcing bars (ksi)
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(3.5)

𝐸𝑠 = modulus of elasticity of reinforcing bars, 29,000 ksi

0.04
(ksi)
εps − 0.007

fy

Stress, fs

Stress, fps

fps = 270 −

(PCI Design Handbook)

Es=29,000 ksi

Eps=28,800 ksi

Strain, εps

Strain, εs

(a)

(b)

Figure 3.2 Stress-strain diagram of reinforcement: (a) prestressing strand;
(b) nonprestressed steel
The linear elastic material module in ABAQUS 6.16 was applied to define the elastic
properties of reinforcement. Poisson’s ratio was taken as 0.3 for both prestressing strands and
nonprestressed reinforcement. Plastic material properties of reinforcement were described
through the metal plasticity model in ABAQUS 6.16.
3.2.3 Corroded Strand Material Properties
Corrosion will not only deteriorate the bond between prestressing strands and
surrounding concrete, but also affect the mechanical properties of strands. Material properties
and the stress-strain relationship of Grade 270 seven-wire low-relaxation prestressing strand
proposed by Zeng et al. (2010) were applied in this study.
𝜂𝑠 =

𝐴𝑜 −𝐴𝑐𝑜𝑟𝑟
𝐴𝑜

Where:
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(3.6)

ηs = corrosion level of a prestressing strand
Ao = cross − sectional area of an uncorroded prestressing strand
Acorr = cross − sectional area of a corroded prestressing strand
Based on the model provided by Zeng et al. (2010), the proportion limit and strainhardening region decreased with an increase in the corrosion level. Constitutive model for the
slightly corroded strands were represented with a simplified bilinear model. Strands with a
corrosion level exceeding 8% had an elastic-brittle constitutive model. Equations listed below
represent the material properties of corroded strands regarding the elastic modulus, ultimate
stress and strain, and stress-strain relationship. The model proposed by Zeng et al. (2010) is valid
for a strand with a corrosion level below 18.9%.
𝐸𝑝𝑐 = (1 − 0.848𝜂𝑠 )𝐸𝑝𝑠
𝑓𝑝𝑢𝑐 =
𝜀𝑝𝑢𝑐 = {

(1−2.683𝜂𝑠 )𝑓𝑝𝑢

(𝑀𝑃𝑎)

(3.7)

(𝑀𝑃𝑎)

1−𝜂𝑠

(3.8)

(1 − 9.387𝜂𝑠 )𝜀𝑝𝑢 , 𝜂𝑠 ≤ 0.08
𝑓𝑝𝑢𝑐 ⁄𝐸𝑝𝑐 ,
𝜂𝑠 > 0.08

(3.9)

When ηs < 8%:
𝜎𝑝𝑐

𝜀𝑝𝑐 𝐸𝑝𝑐 ,
𝜀𝑝𝑐 ≤ 𝜀𝑝0𝑐
0.15𝑓𝑝𝑢𝑐
={
0.85𝑓𝑝𝑢𝑐 + (𝜀𝑝𝑐 − 𝜀𝑝0𝑐 ) (𝜀 −𝜀 ) , 𝜀𝑝𝑐 > 𝜀𝑝0𝑐
𝑝𝑢𝑐

(𝑀𝑃𝑎)

(3.10)

𝑝0𝑐

When ηs ≥ 8%:
𝜎𝑝𝑐 = 𝜀𝑝𝑐 𝐸𝑝𝑐
Where:
𝜀𝑝𝑐 = strain of corroded strands in tension
𝜎𝑝𝑐 = stress of corroded strands, corresponding to the strain εpc (MPa)
𝐸𝑝𝑐 = modulus of elasticity of corroded strands (MPa)
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(3.11)

𝑓𝑝𝑢𝑐 = tensile strength of corroded strands (MPa)
𝑓𝑝𝑢 = tensile strength of prestressing strands, 1,860 MPa
𝜀𝑝𝑢𝑐 = failure strain of corroded strands in tension
𝜀𝑝𝑢 = failure strain of prestressing strands in tension, 0.07
𝜀𝑝0𝑐 = yield strain of corroded strands in tension, 0.85 fpuc ⁄Epc

fpuc

Stress, σpc

Epc
𝜀p0c

fpuc

0.15fpuc
)
εpuc − εp0c

Stress, σpc

σpc = 0.85fpuc + (εpc − εp0c )(

Epc
Strain, εpc

εpuc Strain, εpc

εpuc

(a)

(b)

Figure 3.3 Stress-strain diagram of corroded strands: (a) corrosion level is smaller than
8%; (b) corrosion level is equal or larger than 8% (Zeng et al.,2010)

Figure 3.4 shows the stress-strain curves of uncorroded and corroded Grade 270 sevenwire low-relaxation prestressing strands based on PCI Handbook and model proposed by Zeng et
al. (2010). In this study, the corrosion model proposed by Zeng et al. (2010) was valid for
corroded strands only.
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Figure 3.4 Tensile stress-strain diagram of uncorroded and corroded strands (Grade 270 sevenwire low-relaxation prestressing strand) (PCI, 2010; Zeng et al., 2010)
3.3 Element Types
3.3.1 Concrete Elements
The first order linear brick element with reduced integration and hourglass control
(C3D8R) was adopted in this study. This three-dimensional (3-D) solid element with eight nodes
has one integration point located in the center of the element. Each node has three degrees of
freedom, which are the translations in x, y and z directions as Figure 3.5. C3D8R elements are
suitable for stress/displacement analysis for both linear and nonlinear analyses (ABAQUS,
2016).
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Figure 3.5 Concrete Element, C3D8R (ABAQUS, 6.16)

The reduced integration of the element is only valid for the element stiffness matrix, mass
and loading matrix will still use the full integration (ABAQUS 6.16). Elements with reduced
integration have the following two competitive advantages over the fully integration solid
elements:
•

Reduced integration element will take less time to solve. For example, in this study,
the time-cost for an FEA model with C3D8R elements was only about 15% of the
time-cost for the same model with C3D8 elements.

•

Reduced integration element will avoid shear and volumetric locking, which might
happen to the first-order elements with fully integration points.

Although C3D8R elements have advantages over C3D8 elements in time-cost and overstiff control, they cannot detect the strain at the integration point due to bending, possibly leading
to uncontrolled distortion of the mesh (ABAQUS, 2016). This effect was minimized in this study
by using appropriate fine meshes for concrete elements and distributing point loads and
boundary conditions through rigid plates.
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Compared with first order elements, second-order elements (for example, C3D20R) can
provide smoother deformed shape in bending (Mercan, 2011). However, second-order elements
will certainly increase the computational cost drastically. So, the first order was employed in the
FEA model in consideration of computational cost. FEA models with different concrete elements
(C3D8, C3D8R, and C3D20R) will be discussed later in this study.
3.3.2 Strand and Steel Elements
Each of strands was modeled using a simplified circular cross-section with an area
equivalent to the actual seven-wire strand with 3-D linear triangular prism elements (C3D6).
This element has six nodes and each node has three degrees of freedom, which are the
translations in x, y and z directions as shown in Figure 3.6.

face 5

6

face 2
4

face 4
5
3
1
Z

Y

face 1

face 3
2

X

Figure 3.6 Strand element, C3D6 (ABAQUS 6.16)

Conventional nonprestressed bars and stirrups were modeled using 3-D linear truss
elements (T3D2). This element has two nodes and each node has three degrees of freedom,
which are the translations in x, y and z directions as shown in Figure 3.7. The truss elements

49

support loading along the axis of the element without moments or forces perpendicular to the
centerline.

2
end 2

1
end 1

Z
Y
X

Figure 3.7 Steel element, T3D2 (ABAQUS 6.16)

3.4 Interactions between Reinforcement and Concrete
3.4.1 Embedment Technique
Nonprestressed bars were assumed fully bonded with the concrete girder using the
embedment technique in this study. Translational degrees of freedom of the truss elements were
constrained to the interpolated values of the corresponding degrees of freedom of the host
concrete elements as described in Figure 3.8. All degrees of freedom at node A of the truss
element (embedded element) were constrained to nodes a, b, c and d from the solid element (host
element). The embedment technique enables a set of elements to be embedded inside a host
element without defining the contact surface and contact properties between slave elements and
host elements, which improves the numerical efficiency.
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Nodes on the host elements
Nodes on the embedded elements

Figure 3.8 Typical scheme of FEA modeling of non-prestressed steel and
concrete members with embedment technique

3.4.2 Extrusion Technique
Interaction between prestressing strands and concrete relied on the extrusion technique
based on contact formulations in this study. Contact surfaces for both concrete and strands were
defined through extruding the concrete with circular holes at the position where strands hold as
shown in Figure 3.9. Surface interaction models that govern the behavior of surfaces when they
were in contact were required in the extrusion technique. In order to simulate the bond
mechanisms between prestressing strands and concrete, a friction-based model was employed
that consisted of two components: 1) tangential behavior, and 2) normal behavior (Arab et
al.,2011; Kang et al., 2015).
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(C3D8R)

Strand
(C3D6)

℄

℄

Figure 3.9 Typical scheme of FEA modeling of prestressing strands and
concrete members with extrusion technique

When strands and concrete surface were in contact, both normal stress and shear stress
would be transmitted. The basic Coulomb friction model (Figure 3.10) was used to simulate the
tangential behavior. Maximum allowable shear stress and the normal stress between contacting
bodies were related together through the friction model. When equivalent shear stress exceeded
the critical shear stress, sliding of strands would occur. The critical shear stress was a fraction of
contact pressure between surfaces of concrete and strands. The fraction known as coefficient of
friction was calibrated through a series of parametric studies. A coefficient of friction of 1.4
appeared to be adequate to provide the interface interactions between fully bonded strands and
concrete (Arab et al.,2011). Zero friction coefficient was applied to simulate the interface
between corroded (or unbonded) strands and concrete, allowing corroded (or unbonded) strands
to slip freely within the concrete host.
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Contact pressure

Figure 3.10 Basic Coulomb friction model (ABAQUS 6.16)

Normal behavior between strands and concrete was simulated using the “hard” contact
pressure-overclosure relationship. It minimized the penetration of concrete surface into strand
surface at the constraint locations and prevented the transfer of tensile stress across the interface.
The strand surface was chosen as the master surface in the contact model due to its higher
stiffness in comparison to the concrete material.
3.5 Boundary Conditions and Loading
3.5.1 Boundary Conditions
Due to symmetry, a quarter of the pretensioned girder-deck system was needed for FEA
model, as shown in Figure 3.11 (a). To model the z-direction symmetry, the pretensioned girderdeck system was cut with a plane parallel to x-y plane. Displacement in z-direction and rotation
around x, y-direction were constrained with roller supports (U3=UR1=UR2=0), as shown in
Figure 3.11 (b). To model the x-direction symmetry, the pretensioned girder-deck system was cut
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with a plane parallel to y-z plane. Displacement in x-direction and rotation around y, z-direction
were constrained with a roller supports (U1=UR2=UR3=0), as shown in Figure 3.11 (c). The
composite system was supported with roller supports. Displacement in y-direction at the support
was restricted (U2=0). To avoid load concentration, external loads were applied in y-direction as
pressure on a rigid load plate which was tied with the concrete surface.

Z

Y

X

℄

(a)

Y
U3=UR1=UR2=0

U2=0 at supports

Z

℄

U1=UR2=UR3=0

(b)

Y

X

U2=0 at supports

℄

(c)

Figure 3.11 Boundary conditions: (a) a quarter of the girder
(b) x-direction symmetry (c) z-direction symmetry
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Figure 3.12 A quarter of the pretensioned girder-deck system modeled with ABAQUS 6.16
3.5.2 Modeling Prestressing Procedure and Loading Schemes
Prestressing procedure and loading schemes for the pretensioned girder-deck system
subjected to unbond and/or corrosion in this study had six steps as follows:
Step 1: Simulate prestressing of tendons before pouring the concrete. A prestressing
stress in the longitudinal z-direction was applied to all strand elements through “PREDEFINED
FIELD” in ABAQUS 6.16. Bond between strands and concrete was invalid at this stage;
Step 2: Casting the concrete girder through defining the bond between concrete and
prestressing strands. Transfer of prestressing force happened through the contact surface between
prestressing strands and concrete. Elastic shortening was automatically calculated during the
prestressing transfer. Elements of concrete deck were deactivated using *MODEL CHANGE,
REMOVE option in ABAQUS;
Step 3: Applying the self-weight of concrete girder and deck. Self-weight of concrete
girder was applied through body force. Assuming un-shored construction of the concrete deck in
this study, girder supported the entire weight of deck, through adding a pressure on top of the
girder;
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Step 4: Applying service load (about 40% the ultimate load of a section with fully bonded
strands) on the pretensioned girder-deck system. Since the concrete girder and deck supported
the external load together, elements of concrete deck deactivated in previous steps became fully
active immediately in the current step in a strain-free state through *MODEL CHANGE, ADD
option;
Step 5: Including corrosion-induced deteriorations in the girder-deck system. Interactions
between corroded strands and concrete switched to unbond through *CHANGE FRICTION
option within the corrosion length. Deterioration of material properties were simulated through
replacing the uncorroded material properties with corroded material properties using *FIELD,
VARIABLE option for corroded strands within the corrosion length. Cross-sectional area of
corroded strands was reduced through replacing the original material properties of strand
elements surrounding the corroded strand with a soft material as shown in Figure 3.13.
Step 6: Applying remaining external load on the pretensioned girder-deck system. Failure
of the pretensioned girder-deck system was identified when concrete strain at the top fiber on the
compression side reached the failure strain of concrete in compression, or the tensile stress in
corroded strands reached the tensile strength of corroded strands.

corroded
strand
Acorr

Ao

rust

uncorroded

corroded

Figure 3.13 Cross-section of uncorroded and corroded strands

56

3.6 Validation of the FEA Model
The FEA model was compared against six experimental tests of PC members: two fully
bonded pretensioned concrete girders tested by Russell and Burns in 1993; two fully bonded
pretensioned girder-deck systems tested by Kim et al. in 2015; and two unbonded PC girders
conducted by Ozkul et al. in 2008. Failure of the FEA model was defined as the condition when
concrete strain at the top fiber reached the experimental failure strain of concrete in compression.
3.6.1 Russell and Burns (1993)
Russell and Burns (1993) tested four fully-bonded girders with AASHTO Type
specimens reinforced with five 7-wire low-relaxation 12.7-mm (0.5-in) diameter strands. The
tensile strength of prestressing strands was specified at 1,862 MPa (270 ksi) for the specimens
and all strands were stressed to 75% of the tensile strength as an initial stress. Effective
prestressing stress in the strands was around 1,103 MPa (160 ksi). Each specimen was tested at
least twice, once at each end. Since flexural cracking from the first test had an impact on the
initial stiffness of the specimen in the second test, only the first test of specimens was used to
verify the FEA model. Details of these specimens are presented in Table 3.2.
Table 3.2 Test specimens by Russell and Burns (1993)
Detailing
of
specimens

Russell and
Burns
(1993)

fc’(girder)

L

Le

h

dp

Aps

ρp

MPa
(psi)

mm
(in.)

mm
(in.)

mm
(in.)

mm
(in.)

mm2
(in.2)

%

FA550-1A

35.2
(5,110)

6,706
(264)

3,556
(140)

560
(22)

467.4
(18.4)

493.5
(0.765)

0.26

FA550-2A

35.2
(5,110)

5,385
(212)

1,829
(72)

560
(22)

467.4
(18.4)

493.5
(0.765)

0.26

FA550-3A

37.4
(5,430)

5,486
(216)

2,337
(92)

560
(22)

467.4
(18.4)

493.5
(0.765)

0.26

FA550-4A

40.3
(5,850)

5,486
(216)

1,727
(68)

560
(22)

467.4
(18.4)

493.5
(0.765)

0.26

Spec. No.
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Shear/bond failure happened in FA550-2A and FA550-4A during experimental tests,
which are beyond the research scope, so only the load-deflection curves of FA550-1A and
FA550-3A with the failure mode of concrete crushing on the compression side were compared
with FEA results as shown in Figures 3.14 and 3.15.
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Figure 3.14 Load-deflection curve of FA550-1A from FEA and Exp. (Russell and Burns, 1993)
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Figure 3.15 Load-deflection curve of FA550-3A from FEA and Exp. (Russell and Burns, 1993)
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It can be noted from above two graphs that the FEA model could replicate well the
experimental load-deflection curve in both elastic and plastic regions for AASHTO type girders
with fully bonded strands.
3.6.2 Kim et al. (2015)
Kim et al. (2015) tested four pretensioned girder-deck systems with 12.2-m (40-ft) span,
of which two specimens were casted with conventional concrete (CC). The other two were with
high-early-strength self-consolidating concrete (SCC). Two different aggregates: river gravel (R)
and limestone (L), were evaluated in this study. The tested pretensioned girder-deck system were
designed with Texas DOT Type A girder with a 200-mm (8-in.) thick and 1600 mm (64 in.) wide
cast-in-place (CIP) deck. Each specimen had twelve fully-bonded 12.7-mm (0.5-in.) diameter,
Grade 270, low-relaxation, seven-wire straight strands. Ten strands were placed in the bottom
flange and the other two strands were used in the top flange of the girder. Strands were tensioned
to around 75% of the tensile strength as an initial stress. Details of these specimens are presented
in Table 3.3.
Table 3.3 Test specimens by Kim et al. (2015)
Detailing
of
specimens

Kim et al.
(2015)

fc’(girder)

fc’(deck)

L

Le

h

dp

Aps

ρp

MPa
(psi)

MPa
(psi)

mm
(in.)

mm
(in.)

mm
(in.)

mm
(in.)

mm2
(in.2)

%

CC-R

66.3
(9,620)

42.5
(6,170)

122,000
(480)

5,600
(222)

911
(36)

744.2
(29.3)

1,184.4
(1.836)

0.097

CC-L

69.6
(10,100)

37.2
(5,450)

122,000
(480)

5,600
(222)

911
(36)

744.2
(29.3)

1,184.4
(1.836)

0.097

SCC-R

88.3
(12,800)

51.9
(7,530)

122,000
(480)

5,600
(222)

911
(36)

744.2
(29.3)

1,184.4
(1.836)

0.097

SCC-L

94.5
(13,700)

36.4
(5,280)

122,000
(480)

5,600
(222)

911
(36)

744.2
(29.3)

1,184.4
(1.836)

0.097

Spec. No.
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Load-deflection curves from FEA model of specimen CC-R and CC-L were compared
with the experimental results obtained by Kim et al. (2015) as shown in Figures 3.16 and 3.17.
Flexural behaviors of AASHTO type pretensioned PC girder-deck systems were well predicted
by the FEA model.
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Figure 3.16 Load-deflection curve of CC-R from FEA and Exp. (Kim et al., 2015)
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Figure 3.17 Load-deflection curve of CC-L from FEA and Exp. (Kim et al., 2015)
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3.6.3 Ozkul et al. (2008)
Ozkul et al. (2008) tested twenty-five high strength concrete girders prestressed with
unbonded tendons. Nine of them were rectangular sections and the others were T-sections. The
concrete compressive strength ranged from 46.9 MPa (6,800 psi) to 89.6 MPa (13,000 psi). Each
specimen was reinforced with one Grade 270, stress-relieved, seven-wire straight strand with a
nominal area of 54.8 mm2 (0.085 in2) or 98.7 mm2 (0.153 in2). Effective prestressing force in the
strand varied between 50% to 70% of the tensile strength. Two of the T-section specimens with
relatively low concrete compressive strength were selected to validate the FEA model. Effective
prestressing force for these two specimens was around 60% of the tensile strength. Details of
these two specimens are presented in Table 3.4.
Table 3.4 Test specimens by Ozkul et al. (2008)
Detailing
of
specimens

fc’(girder)

L

h

dp

As

Aps

ρp

MPa
(psi)

mm
(in.)

mm
(in.)

mm
(in.)

mm2
(in.2)

mm2
(in.2)

%

B10

35.2
(6,800)

6,706
(120)

254
(10)

190.5
(7.5)

141.9
(0.22)

98.7
(0.153)

0.26

B14

35.2
(9,700)

5,385
(120)

254
(10)

190.5
(7.5)

258.1
(0.4)

98.7
(0.153)

0.26

Spec. No.

Ozkul et al.
(2008)

It can be seen from Figure 3.18 and 3.19 that the FEA model predict the flexural response
of PC girders with unbonded strands well.
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Figure 3.18 Load-deflection curve of B10 from FEA and Exp. (Ozkul et al., 2008)
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Figure 3.19 Load-deflection curve of B14 from FEA and Exp. (Ozkul et al., 2008)

3.6.4 Comparison of FEA and Experimental Results
The graphs presented above have demonstrated that the FEA model developed in this
study is able to simulate the flexural response of pretensioned PC girder-deck systems within an
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acceptable tolerance. Table 3.5 summarizes the concrete failure strain in compression at the top
fiber (𝜀𝑐𝑢 ) in the experimental tests. Comparisons between FEA results and experimental data
regarding cracking load (𝑃𝑐𝑟 ), ultimate load (𝑃𝑢 ), and ultimate stress of unbonded strands (𝑓𝑝𝑠_𝑢𝑏 )
are also summarized in Table 3.5.
Table 3.5 Comparison between FEA and experimental data
εcu (Exp.)

Pcr(FEA)/Pcr(Exp.)

Pu(FEA)/Pu(Exp.)

fps_ub(FEA)/fps_ub(Exp.)

FA550-1A

0.0044

0.93

1.02

-

FA550-3A

0.0041

0.87

1.03

-

CC-R

0.003

0.93

1.04

-

CC-L

0.003

0.78

1.02

-

B10

0.0043

0.94

1.01

1.03

B14

0.0036

1.01

1.03

1.04

Test
Russell and
Burns (1993)
Kim et al.
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Figure 3.20 shows the comparison of ultimate flexural moment between FEA models and
experimental tests by Russell and Burns (1993), Kim et al. (2015) and Ozkul et al. (2008).
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Figure 3.20 Comparison of FEA and experimental results (ultimate moment)
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3.7 Sensitivity Study
Sensitivity of the model was investigated regarding the concrete element, dilation angle,
tension stiffening, coefficient of friction, and mesh size. AASHTO Type girder tested by Russell
and Burns (1993) was analyzed for the sensitivity study.
3.7.1 Element Sensitivity
Three different element types for concrete were analyzed: 8-node solid element with
reduced integration (C3D8R), 8-node solid element with full integration (C3D8) and 20-node
solid element with reduced integration (C3D20R). Load-deflection results from the FEA model
were compared with the experimental result as shown in Figure 3.21. FEA model with C3D8
concrete elements exhibited larger stiffness than the experimental result in both elastic and
plastic stage with a significant deviation, due to shear and volumetric locking when subjected to
bending. FEA model with C3D20R elements tended to exhibit smaller bending stiffness than that
was observed experimentally in the plastic region. Additionally, the time cost required for the
analysis with C3D20R elements was considerably larger than that with C3D8R elements. FEA
model with C3D8R concrete elements was found to give the most accurate and time-saving
result in this study.
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Figure 3.21 Concrete element sensitivity

3.7.2 Dilation Angle Sensitivity
Dilation angle (ψ) is one of the parameters required to describe the plastic flow potential
of concrete in the CDP model. A constant ψ value between 31o and 55o was adopted in previous
FEA models of PC members by other researchers (Abdelatif et al., 2015; Yapar et al., 2015;
Mercan et al.,2010; Arab et al., 2011; Chen et al., 2012). To investigate the sensitivity of the
FEA model to the dilation angle, models with a different dilation angle (31o, 41o and 51o) were
analyzed and compared. As shown in Figure 3.22, dilation angle had an insignificant impact on
the flexural response of the pretensioned girder. Since the shear force at mid-span of the girder is
zero, and dialtion angle is a paramter to determine the volume change of concrete due to shear,
so the impact of this parameter on the flexural response of the the pretensioned girder was
insignificant. A dilation angle of 31o was adopted to model the flexural behavior of pretensioned
girder-deck systems.
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Figure 3.22 Dilation angle sensitivity
3.7.3 Tension Stiffening Sensitivity
Concrete tension stiffening in this study was defined through post-cracking linear stressstrain relationship. Maximum tensile stress was obtained through AASHTO LRFD Bridge
Design Specifications 5.4.2.6 as mentioned before. Ultimate tensile strain was assumed to be a
proportion to the cracking tensile strain. FEA models with different ultimate tensile strain (5ɛcr,
10ɛcr and 20ɛcr) were analyzed to study the influence of tension stiffening. The flexural behavior
of the pretensioned concrete girder became more ductile with less tension stiffening. When
ultimate strain was 5 times the cracking tensile strain, flexural stiffness of the pretensioned
concrete girder was smaller than that of the experimental data after cracking occured. In addition,
computation time of the finite element analysis was higher with a smaller tension stiffening.
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Figure 3.23 Concrete tension stiffening sensitivity
3.7.4 Mesh Sensitivity
Since the master surface should be the surface of the stiffer body and/or should have a
coarser mesh than the slave surface in ABAQUS, different mesh sizes were considered for
strands and concrete in this study. The mesh ratio between strand and concrete elements in the
longitudinal direction of the pretensioned concrete was calibrated.
As noted in Figure 3.24, the mesh ratio between strand and concrete elements had an
insignificant impact on the flexural response of the pretensioned concrete girder in the elastic
range. A smaller mesh ratio led to a softer flexural response in plastic region and a smaller
flexural capacity. The mesh ratio was selected to be 2 in the FEA model.
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Figure 3.24 Strand/concrete mesh ratio sensitivity
Mesh configuration in the longitudinal direction of the pretensioned concrete girder has
also been investigated. Two different mesh sizes of concrete elements were studied: 51 mm (2
in.) and 102 mm (4 in.). As shown in Figure 3.25, FEA models with these two different mesh
sizes predicted similar results in both elastic and plastic regions. However, the FEA model with a
51 mm (2 in.) mesh size required significantly more execution time and disk space for storage.
So, the 102 mm (4 in.) mesh size was selected for the FEA model in this study.
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Figure 3.25 Concrete mesh size sensitivity

3.7.5 Friction coefficient Sensitivity
The coefficient of friction, a parameter required to describe the tangential behavior of the
proposed contact model between prestressing strands and concrete, was investigated in this
research. Arab et al. (2011) used a friction coefficient of 0.7 and 1.4 in the FEA model to
investigate the pretensioned concrete members at the release of pre-tensioning. Yapar et al.
(2015) modeled a pretensioned concrete girder with a friction coefficient of 0.4. Flexural
response of the pretensioned girder with a different friction coefficient (0.4, 0.7 and 1.4) were
compared as shown in Figure 3.26. It was found that friction coefficient had an insignificant
impact on the flexural behavior of pretensioned concrete girders in the elastic regime. FEA
models with a friction coefficient of 0.7 and 1.4 predicted the flexural strength of pretensioned
girders with an acceptable accuracy. However, the model with a friction coefficient of 0.4
exhibited a much lower stiffness in the plastic stage with a lower flexural capacity compared
with the experimental data. After calibration with other experimental data, a friction coefficient
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of 1.4 was selected to simulate the tangential behavior between fully bonded prestressing strands
and concrete.
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Figure 3.26 Friction coefficient sensitivity

3.8 Summary and Conclusions
This chapter provides the details of FEA modeling of the pretensioned girder-deck
system with unbonded or/and corroded strands using ABAQUS/Standard. Extrusion technique
was applied to simulate the bond between prestressing strands and surrounding concrete. The
proposed FEA model considered the corrosion-induced cross-section loss and deterioration of
strands material properties, in addition to the bond deterioration. The FEA model was calibrated
through a series of parametric studies and the results were compared with the relevant
experimental results tested by: Russell and Burns (1993), Kim et al. (2015), and Ozkul et al.
(2008). Sensitivity of the FEA model was studied through the concrete element, dilation angle,
tension stiffening, coefficient of friction, and mesh size.
Following conclusions could be drawn from the sensitivity study in this research:
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1) The FEA model with ABAQUS/Standard is capable to predict the flexural response
of pretensioned PC girder-deck systems;
2) Modeling with C3D8 elements will result in a stiffer response compared with the
modeling with C3D8R elements for pretensioned PC girder-deck systems subjected to
bending;
3) Flexural behavior of pretensioned concrete girder-deck systems will become more
ductile with less tension stiffening. In addition, the computational efficiency is
significantly affected by the tension stiffening. A reduction in tension stiffening will
increase the computational cost of the analysis;
4) A dilation angle between 31o and 51o has little impact on the flexural strength of
pretensioned PC girder-deck systems with fully bonded strands. However, a larger
value of dilation angle will result in a more ductile behavior of pretensioned PC
girder-deck systems subjected to bending;
5) Tangential behavior of the contact model plays a significant role in the modeling of
fully bonded pretensioned PC girder-deck systems subjected to bending. A coefficient
of friction of 1.4 can predict the ultimate flexural capacity of the system with a decent
accuracy;
6) Flexual behavior of pretensioned PC girder-deck systems in the plasic region will be
affected by the mesh ratio between strand and concrete elements in the longitudinal
direction. A lower mesh ratio will result in a more ductile flexural response in
addition to a smaller flexural strength.
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4. Analytical Model
4.1 Introduction
Pretensioned girder-deck systems with corroded strands have two different failure
mechanisms in this study: (1) concrete crushing as strain of concrete in compression exceeds the
failure strain (CC); (2) strand rupture as stress of corroded strands exceeds the tensile strength
(SR). To determine the residual flexural capacity of a corroded pretensioned girder-deck system
failing in flexural due to CC or SR, stress of corroded strands and strain of concrete in
compression at ultimate state need to be determined.
Since strands with corrosion are assumed to be unbonded with surrounding concrete, the
stress in corroded strands is member-dependent, which makes it unrealistic to get the value with
a straightforward solution. Theoretical model based on the equivalent plastic hinge length is
available to predict the ultimate stress of unbonded tendons for post-tensioned (PT) girders
subjected to bending (Pannell,1969; Harajli,1990; Harajli,2006; Ozkul et al., 2008). The model
was modified to estimate the stress in corroded (or unbonded) strands in this study.
4.2 Background
For a simply supported unbonded PT girder experiencing flexural failure as shown in
Figure 4.1, the total elongation of an unbonded tendon between anchorages is equal to that of the
surrounding concrete. Since the deformation within uncracked region is negligible, the concrete
deformation within cracked region (Lcr) primarily contributes to the total elongation of unbonded
tendons between anchorages (Yang & Kang, 2011). The deformation of concrete in cracked
region (Lcr) can be idealized with a uniform value within the equivalent plastic hinge length (Lp).

72

P

Cracked region ( Lcr )
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Figure 4.1 Actual and idealized distribution of concrete strains at
unbonded tendon level

(Ɛc_td) u is the fictitious concrete strain at tendon level in midspan as the concrete strain at
extreme compressive fiber reaches the failure strain (Ɛcu). Based on the concept of curvatures and
plastic deformation, increase in strain of unbonded tendons could be expressed through
following equation (Harajli, 2006):
∆𝜀𝑝𝑠 = (𝜀𝑐𝑢

𝑑𝑝 −𝑐
𝑐

𝐿𝑝

+ 𝜀𝑐𝑒 ) 𝐿

𝑎

Where
∆𝜀𝑝𝑠 = increase in strain in unbonded strands beyond the effective prestress
𝜀𝑐𝑢

= failure strain of concrete in compression
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(4.1)

𝜀𝑐𝑒

= concrete precompressive strain

𝑑𝑝

= distance from the extreme compression fiber to the centroid of
prestressing strands

𝑐

= distance from the extreme compression fiber to the neutral axis

𝐿𝑝

= equivalent plastic hinge length

𝐿𝑎

= length of prestressing strands between anchorages

Since concrete precompressive strain is negligibly small and is usually ignored for
simplification (Harajli, 2006; Yang & Kang, 2011), Eq. (4.1) can be simplified to Eq. (4.2).
∆𝜀𝑝𝑠 = (𝜀𝑐𝑢

𝑑𝑝 −𝑐 𝐿𝑝
)𝐿
𝑐
𝑎

(4.2)

In 1976, Tam and Pannell suggested the ratio of the equivalent plastic hinge length to the
depth of neutral axis at nominal flexural strength (Ψ). For simply supported unbonded PT girders
under a single concentrated load, they suggested this ratio with a constant value of 10.5 based on
test results. The equation above expressed with Ψ is as follows:
∆𝜀𝑝𝑠 = (𝜀𝑐𝑢

𝑑𝑝 −𝑐
𝐿𝑎

)𝛹

(4.3)

Au and Du (2004) suggested a value of 9.3 for the ratio of Ψ for practical use. They
indicated that this value could ensure about 84% of the predicted value of stress in unbonded
tendons to be on the safe side based on experimental results from different investigators.
Harajli (2006) included a parameter of “f ” in the equation for Ψ considering the effect of
loading type as Eq. (4.4), where f = ∞ for single concentrated load.
𝛹=

20.7
𝑓

+ 10.5

(4.4)

Jnaid and Aboutaha (2016) proposed an equation of Ψ for unbonded RC girders under
point load considering the effect of reinforcement ratio and span-depth ratio.
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𝐿

𝐿

𝛹 = 0.9664(𝜌%)2 − (0.0877 𝑑 + 4.4921) 𝜌% + 0.6786 𝑑 + 3.8643

(4.5)

AASHTO LRFD Bridge Design Specifications (2012) adopted the expression by Tam
and Pannell (1976) to describe the ultimate stress in unbonded tendons of a rectangular or
flanged section subjected to bending.
𝑓𝑝𝑠 = 𝑓𝑝𝑒 + 900(

𝑑𝑝 −𝑐
𝑙𝑒

) ≤ 𝑓𝑝𝑦

(4.6)

In this equation, le is the effective tendon length which equals to the length of tendon
between anchorages for simply supported girders.
4.3 Methodology
The following assumptions were made in this study for the analytical study:
1) Corrosion only happened in the flexural zone as shown in Figure 4.2;
2) Corroded strands are geometrically symmetrical in a section;
3) Strands are perfectly bonded to concrete in regions without corrosion;
4) Corroded strands are completely unbonded within the corrosion length;
5) Girders have the shear reinforcement necessary to prevent shear failure;
6) Development length of strands is adequate to prevent bond failure;
7) Stress in corroded strands is constant along corrosion length;
8) Strains in bonded strands and mild steel are equal to that in concrete at the same level;
9) Tensile capacity of concrete after cracking is ignored;
10) Deterioration of concrete material properties due to corrosion is ignored;
11) Failure strain of concrete in compression is assumed to be 0.0038.
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Figure 4.2 Simply-supported pretensioned girder with partially unbonded
and/or corroded strands

Since corrosion length was a variable in this study, cracked region was possibly beyond
or within corrosion length depending on the prestressing reinforcement ratio, span-depth ratio,
number of corroded strands, and corrosion level, as shown in Figure 4.3 (a) and (b). The actual
distribution of concrete strain at corroded tendon level within the corrosion length was idealized
as a uniform distribution with the concrete strain at tendon level in midspan at ultimate state
through the equivalent corrosion length (Lp_corr) as shown in Figure 4.3.
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Figure 4.3 Actual and idealized distribution of concrete strain at corroded tendon level
within the corrosion length: (a) corrosion length is within the cracked region; (b) corrosion
length is beyond the cracked region
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Based on concept of curvatures and plastic deformation, increase in strain in corroded
strands could be expressed through Eq. (4.7). The ratio of the equivalent corrosion length to the
depth of neutral axis at ultimate was expressed in Eq. (4.8). By substituting Eq. (4.8) into Eq.
(4.7), increase in strain in corroded strands beyond effective prestress could be calculated
through Eq. (4.9).
∗
∆𝜀𝑝𝑠_𝑐𝑜𝑟𝑟 = (𝜀𝑐𝑢

𝑑𝑝_𝑐𝑜𝑟𝑟 −𝑐 𝐿𝑝_𝑐𝑜𝑟𝑟

𝛹𝑐𝑜𝑟𝑟 =
∗
∆𝜀𝑝𝑠_𝑐𝑜𝑟𝑟 = (𝜀𝑐𝑢

𝑐

)

𝐿𝑐𝑜𝑟𝑟

𝐿𝑝_𝑐𝑜𝑟𝑟

(4.8)

𝑐
𝑑𝑝_𝑐𝑜𝑟𝑟 −𝑐
𝐿𝑐𝑜𝑟𝑟

(4.7)

)𝛹𝑐𝑜𝑟𝑟

(4.9)

Where
∆𝜀𝑝𝑠_𝑐𝑜𝑟𝑟 = increase in strain in corroded strands beyond the effective prestress
∗
𝜀𝑐𝑢

= strain of concrete in compression at ultimate state: for CC failure mode,
∗
∗
𝜀𝑐𝑢
= 𝜀𝑐𝑢 ; for SR failure mode, 𝜀𝑐𝑢
= 𝜀𝑐𝑢_𝑆𝑅

𝑑𝑝_𝑐𝑜𝑟𝑟

= distance from the extreme compression fiber to the centroid of corroded
prestressing strands

𝐿𝑝_𝑐𝑜𝑟𝑟

= equivalent corrosion length

𝐿𝑐𝑜𝑟𝑟

= corrosion length

𝛹𝑐𝑜𝑟𝑟

= ratio of equivalent corrosion length to the depth of neutral axis

In this research, the value of Ψcorr was evaluated in consideration of following
parameters: 1) Span-depth ratio (L/dp); 2) Prestressing reinforcement ratio (ρp); 3) Corrosion
level (ηs);4) Number of corroded strand index (ηsn = number of corroded strand/total number of
strand); and 5) Corrosion length index (ηsl = corrosion length/span length).
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4.4 Development of the Analytical Model
To determine the value of Ψcorr, analytical parametric studies were carried out using the
FEA model developed in previous chapter. Over three hundred of pretensioned girder-deck
systems subjected to bond deterioration and/or corrosion were analyzed.
Following range of variables were studied: span-depth ratio between 13.5 and 22.5,
prestressing steel ratio between 0.084 and 0.131, corrosion level between 0 and 0.15, number of
corroded strand index between 0.25 and 1 and corrosion length index between 0.2 and 0.6.
Models with unbonded strands were analyzed considering only the loss of bond with a corrosion
level of zero. Figure 4.4 shows the analyzed cases to study the effects of above parameters.
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Figure 4.4 Cases analyzed with FEA model
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0.15

Pretensioned girder-deck systems in this study were designed in accordance with
AASHTO LRFD Bridge Design Specifications (2012) as shown in Figure 4.5. Concrete
compressive strength of pretensioned PC girder and CIP deck were 55.2 MPa (8 ksi) and 41.4
MPa (6 ksi), respectively. Grade 270, 12.7-mm-diameter (0.5-in.-diameter) seven-wire lowrelaxation straight strands were placed in the bottom flange. Each of strands was stressed to 75%
of the tensile strength and the effective prestressing force was assumed to be around 1,103 MPa
(160 ksi) after losses. Figure 4.6 presents a section with 24 strands as an example. 203 mm (8 in.)
thick and 1,829 mm (72 in.) wide concrete deck was casted on top of the girder. Mild steel
reinforcements were designed in the top flange of the girder and slab. Web shear reinforcement
consisted of U.S. #4 double-legged stirrups extending to the deck with a spacing of 102 mm (4in)
in the end zone and 204 mm (8 in) in other regions of the girder. Both top and bottom flange
reinforcement were designed in the end zone of the girder.
1,829 (72)
305 (12)

204 (8)
152 (6)

76 (3)

76 (3)
152 (6)
381 (15)

915 (36)

152 (6)
152 (6)

152 (6)
19 (3/4) Chamfer
457 (18)

Unit [mm(inch)]

Figure 4.5 Section dimensions of AASHTO Type II girder with deck
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#4 Reinforcement @ 204 (8) centers
#4 Reinforcement
#4 Top flange Reinforcement
#4 Web stirrup bars
#4 Bottom flange Reinforcement
12.7(0.5)-dia. low relaxation strands
50 (2)
70 (2 3/4)
7 spaces @ 50 (2)
Unit [mm(inch)]

Figure 4.6 Section reinforcement details

Corrosion usually initiates in strands in the bottom layer, especially the corner strands,
because they are more exposed to chloride ingress. Corroded strands pattern for girder-deck
systems with different prestressing strand ratios are described in Figures 4.7 to 4.9.

ηsn=0.25

ηsn=0.5

ηsn=1
fully bonded strand

ρp=0.084%

corroded strand

Figure 4.7 Corroded strands pattern (ρp=0.084%)
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ηsn=0.3

ηsn=0.5

ηsn=1
fully bonded strand

ρp=0.107%

corroded strand

Figure 4.8 Corroded strands pattern (ρp=0.107%)

ηsn=0.25

ηsn=0.5

ηsn=1
fully bonded strand

ρp=0.131%

corroded strand

Figure 4.9 Corroded strands pattern (ρp=0.131%)
Steps to calculate the depth of neutral axis (c), equivalent corrosion length (Lp_corr) and
ratio of equivalent corrosion length to the depth of neutral axis (Ψcorr) were summarized as
follows based on section lamina method (Figure 4.10):
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1) Acquiring stress of corroded strands and concrete strain in compression at ultimate
from FEA results;
2) Using bisection numerical analysis method (Figure 4.11) to determine the neutral axis
based on strain compatibility and equilibrium of internal forces;
3) Obtaining the equivalent corrosion length through Eq. (4.10) to Eq. (4.12);
4) Calculating the ratio of the equivalent corrosion length to the depth of neutral axis at
ultimate through Eq. (4.8).
∆𝜀𝑝𝑠_𝑐𝑜𝑟𝑟 = 𝜀𝑝𝑠_𝑐𝑜𝑟𝑟 − 𝜀𝑠𝑒
∗
∆𝜀𝑝𝑠_𝑐𝑜𝑟𝑟 = (𝜀𝑐𝑢

𝐿𝑝_𝑐𝑜𝑟𝑟 =

(4.10)

𝑑𝑝_𝑐𝑜𝑟𝑟 −𝑐 𝐿𝑝_𝑐𝑜𝑟𝑟

)

𝑐

(4.11)

𝐿𝑐𝑜𝑟𝑟

(𝜀𝑝𝑠_𝑐𝑜𝑟𝑟 − 𝜀𝑠𝑒 )𝐿𝑐𝑜𝑟𝑟
∗
𝜀𝑐𝑢

(4.12)

𝑑𝑝_𝑐𝑜𝑟𝑟 −𝑐
𝑐

where εps_corr is the ultimate strain of corroded strands obtained from the stress-strain
relationship of corroded strands; εse is the effective pre-strain of strands.
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Figure 4.10 Generalized distribution of strain and stress at ultimate state
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In the process of bisection numerical analysis, based on strain compatibility, concrete
strain in the kth lamina and strain of longitudinal bars can be expressed under a given value of c
as follows:
(𝜀𝑐 )𝑘 (𝑐) =
𝜀𝑠 (𝑐) =
𝜀𝑠′ (𝑐) =

∗ (𝑐−(𝑑 ) )
𝜀𝑐𝑢
𝑚 𝑘

𝑐
∗ (𝑐−𝑑 )
𝜀𝑐𝑢
𝑠

𝑐
∗ (𝑐−𝑑′ )
𝜀𝑐𝑢
𝑠

𝑐

(4.13)
(4.14)
(4.15)

Where (εc) k is the concrete strain in the kth lamina; (dm) k is the distance from the extreme
top fiber of concrete to the centroid of the kth lamina; εs, and εs’ are strains of longitudinal tension
and compression bars; ds and ds’ are distance from the extreme top fiber of concrete to the
centroid of tension and compression bars, respectively.
Strain of bonded strands can be valued as:
𝜀𝑝𝑠 (𝑐) =

∗ (𝑐−𝑑 )
𝜀𝑐𝑢
𝑝

𝑐

+ 𝜀𝑝𝑒

(4.16)

where εpe is the effective pre-strain of strands; dp is the distance from the extreme top
fiber of concrete to the centroid of bonded strands.
Concrete compression force can be obtained by integrating the concrete stress in each
lamina as shown in Eq. 4.17:
𝐶𝑐 (𝑐) = ∑𝑛𝑘=1(𝑓𝑐 )𝑘 (𝑐)𝐴𝑘

(4.17)

where (fc) k is concrete stress in the kth lamina calculated through Eq. (3.2), depending on
the value of concrete strain ((εc) k); Ak is area of the kth lamina and n is the total number of
laminas for the section.
Force in bonded strands and longitudinal nonprestressed steel can be expressed as:
𝑇𝑝𝑠 (𝑐) = 𝐴𝑝𝑠 𝑓𝑝𝑠 (𝑐)
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(4.18)

𝑇𝑠 (𝑐) = 𝐴𝑠 𝑓𝑠 (𝑐)

(4.19)

𝐶𝑠 (𝑐) = 𝐴′𝑠 𝑓𝑠′ (𝑐)

(4.20)

where Aps, As, and As’ are the area of bonded strands, longitudinal tension bars and
compression bars, respectively; fps, fs, and fs’ are stress obtained from the stress-strain
relationship of prestressing strands and mild steel through Eq. (3.4) and Eq. (3.5).
Force in corroded strands can be expressed as:
𝑇𝑝𝑠_𝑐𝑜𝑟𝑟 = 𝐴𝑝𝑠_𝑐𝑜𝑟𝑟 𝑓𝑝𝑠_𝑐𝑜𝑟𝑟

(𝐶𝐶)

(4.21)

𝑇𝑝𝑠_𝑐𝑜𝑟𝑟 = 𝐴𝑝𝑠_𝑐𝑜𝑟𝑟 𝑓𝑝𝑢𝑐

(𝑆𝑅)

(4.22)

where Aps_corr is the area of corroded strands obtained through Eq. (3.6) based on the
corrosion level; fps_corr is the ultimate stress of corroded strands obtained directly from FEA
results for pretensioned girder-deck systems with a CC failure mode; fpuc is the tensile strength of
corroded strands calculated through Eq. (3.8) for pretensioned girder-deck systems with a SR
failure mode.
Forces of reinforcement and concrete satisfy the equilibrium equation as below:
𝐶𝑐 + 𝐶𝑠 − 𝑇𝑝𝑠 − 𝑇𝑝𝑠_𝑐𝑜𝑟𝑟 − 𝑇𝑠 = 0

(4.23)

An algorithm using Mathcad was developed to carry out the calculation process. The
flowchart for this procedure is shown in Figure 4.11.
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Start

fps_corr → FEA
εcu_SR → FEA

ε∗cu = 0.0038
ε∗cu = εcu_SR

(CC)
(SR)

(CC)
(SR)

Tps_corr = Aps_corr fps_corr
Tps_corr = Aps_corr fpuc

(CC)
(SR)

Assume c1 , c2
cmid = (c1 + c2 )⁄2

Calculate (εc)k (cmid ), (εc )k (c1 ), εps (cmid ), εps (c1 ),
εs (cmid ), εs (c1 ), ε′s (cmid ) and ε′s (c1 )(Eq. 4.13 − 4.16)

Calculate (fc )k(cmid ), (fc )k (c1 ), fps (cmid ), fps (c1 ),
fs (cmid ), fs (c1 ), fs′ (cmid ) and fs′ (c1 )(Eq. 3.2 − 3.5)

Calculate Cc (cmid ), Cc (c1 ), Tps (cmid ), Tps (c1 ),
Ts (cmid ), Ts (c1 ), Cs (cmid ) and Cs (c1 ) (Eq. 4.17 − 4.20)

F(cmid ) = Cc (cmid ) + Cs (cmid ) − Tps (cmid ) − Tps_corr − Ts (cmid )
F(c1 ) = Cc (c1 ) + Cs (c1 ) − Tps (c1 ) − Tps_corr − Ts (c1 )

F(cmid ) ∙ F(c1 ) ≤ 0

no

yes
c1 = cmid

c2 = cmid

ฬ

c1 − c2
ฬ ≤ 0.001
c1

no

yes
c = cmid
Ψcorr (Eq. 4.10 − 4.12, Eq. 4.8)
End

Figure 4.11 Flowchart to obtain c and Ψcorr
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In this study, the value of Ψcorr obtained from above analysis varied from 1.28 to 12.08
when pretensioned girder-deck systems failed in flexural due to concrete crushing. For cases
with SR failure mode, Ψcorr was around 3.72 to 28.72. The determined Ψcorr functions were
formulated for these two different failure modes through nonlinear multiple regression analysis
(Figure 4.12 and Figure 4.13). Each parameter was coupled to the other and tried until an
acceptable coefficient of determination (R2) was obtained. Following two equations were
formulated:
For CC failure mode:
−0.987

𝛹𝑐𝑜𝑟𝑟_𝐶𝐶 = 0.299 [

𝜌𝑝 %
√𝐿 ⁄𝑑𝑝

(𝜂

√𝜂𝑠𝑛
𝑠𝑙 +2.5√𝜂𝑠

(4.24)

+ 1)]

For SR failure mode:
𝛹𝑐𝑜𝑟𝑟_𝑆𝑅 = 0.043 [

𝜌𝑝 %
(𝐿 ⁄𝑑𝑝 )

√𝜂𝑠𝑛 +6

2(
𝜂

𝑠𝑙 +7𝜂𝑠

−0.886

)]

(4.25)

16

12

8

Ψcorr

y = 0.299x-0.987
R² = 0.87

4

0
0.00

0.05

0.10

0.15

0.20

0.25

𝜌𝑝 %

ηsn
+1
L∕d𝑝 ηsl + 2.5 𝜂𝑠

Figure 4.12 Value of Ψcorr determined by analytical parametric studies using the developed FEA
model for corroded pretensioned girder-deck systems experiencing CC failure mode
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Ψcorr

y = 0.043x-0.886
R² = 0.82
10

0
0

0.001

0.002

0.003
𝜌𝑝 %
L⁄dp

2

0.004

0.005

0.006

ηsn + 6
ηsl + 7ηs

Figure 4.13 Value of Ψcorr determined by analytical parametric studies using the developed FEA
model for corroded pretensioned girder-deck systems experiencing SR failure mode

Using the value of Ψcorr, residual flexural strength of a pretensioned girder-deck system
with corroded strands can be obtained. An algorithm was developed to carry out the calculation
process as shown in Figure 4.14. The procedure is summarized as follows:
1) Assuming the corroded pretensioned girder-deck system fails in flexural due to

concrete crushing;
2) The depth of neutral axis is initially assumed;

3) Increment strain in corroded strands is calculated using the equation:
∆𝜀𝑝𝑠_𝑐𝑜𝑟𝑟 = (𝜀𝑐𝑢

𝑑𝑝_𝑐𝑜𝑟𝑟 −𝑐
𝐿𝑐𝑜𝑟𝑟

)𝛹𝑐𝑜𝑟𝑟_𝐶𝐶

4) Stress of corroded strands is calculated through the stress-strain relationship of
corroded strands;
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(4.26)

5) Depth of neutral axis is obtained using bisection method introduced previously and
compared with the value assumed in Step 2. Iteration process is continued until the
difference is within the tolerance;
6) Based on the value of neutral axis in Step 5, the increment strain in corroded strands
for the pretensioned girder-deck system with CC failure mode is calculated through
Eq. (4.26);
7) Stress of corroded strands is calculated through the stress-strain relationship of
corroded strands and compared with the tensile strength. If the calculated stress is
smaller than the tensile strength, the assumption in step 1 is valid. Residual flexural
capacity can be calculated through Eq. (4.28). Otherwise, corroded strands at ultimate
will rupture. Stress in corroded strands at ultimate state equals to the tensile strength.
Redo Step 2 to Step 5 to get the depth of neutral axis. Concrete strain in compression
at ultimate state when corroded strands rupture is calculated using the equation:
𝜀𝑐𝑢_𝑆𝑅 = (

𝛥𝜀𝑝𝑠_𝑐𝑜𝑟𝑟 𝐿𝑐𝑜𝑟𝑟
𝑑𝑝_𝑐𝑜𝑟𝑟 −𝑐

)𝛹

1

(4.27)

𝑐𝑜𝑟𝑟_𝑆𝑅

8) Flexural moment capacity then can be obtained through Eq. (4.28).
𝑀𝑛_𝑐𝑜𝑟𝑟 = 𝑇𝑝𝑠 𝑑𝑝𝑠 + 𝑇𝑝𝑠_𝑐𝑜𝑟𝑟 𝑑𝑝_𝑐𝑜𝑟𝑟 + 𝑇𝑠 𝑑𝑠 − ∑𝑛𝑘=1(𝑓𝑐 ) (𝑐)𝐴𝑘 (𝑑𝑚 ) − 𝐶𝑠 𝑑′𝑠
𝑘
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𝑘

(4.28)

Start
Assume CC failure mode

SR failure mode

𝑐 = cguess

𝑐 = cguess

Δεps_corr (Eq. 4.26)
fps_corr (Eq. 3.7 − 3.11)

fps_corr = fpuc
εcu_SR (Eq. 4.27)

ccal (using bisection method )

ccal (using bisection method)

ccal − cguess
ฬ
ฬ ≤ 0.03
ccal

no

ccal − cguess
ฬ
ฬ ≤ 0.03
ccal

yes

yes
c = ccal

cmid =

Δεps_corr (Eq. 4.26)

no

ccal + cguess
2

c = ccal

cmid =

ccal + cguess
2

εcu_SR (Eq. 4.27)
cguess = cmid

cguess = cmid

fps_corr (Eq. 3.7 − 3.11)

fps_corr < fpuc
yes
Calculate (εc )k (c), εps (c),
εs (c), and ε′s (c)(Eq. 4.13 − 4.16)

Calculate (fc )k (c), fps (c),
fs (c), and fs′ (c)(Eq. 3.2 − 3.5)

Calculate Cc (c), Tps (c), Ts (c),
and Cs (c) (Eq. 4.17 − 4.20)
Mn_corr (Eq. 4.28)
End

Figure 4.14 Flowchart to obtain the ultimate flexural strength of pretensioned girder-deck
systems with corroded strands
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4.5 Validation of the Analytical Model
Flexural moment capacities obtained from the analytical model were compared with FEA
results as in Figure 4.15. The comparison shows that flexural capacities with proposed analytical
model are in good agreement with FEA results. The mean, standard deviation, and coefficient of
variation of the ratios between analytical-to-FEA flexural capacities are 0.939,0.047, and 0.050,
respectively.
Mn_Analytical (kip-ft)

Mn_FEA (kN-m)

4000

1238

1738

2238

2738

3238

corrosion level = 0% (unbond)
Corrosion Level = 5%
Corrosion Level = 10%
Corrosion Level = 15%
Perfect correlation line

3238
2738
2238

3000

1738

Mn_FEA (kip-ft)

738
5000

2000
1238
1000
1000

2000

3000

4000

738
5000

Mn_Analytical (kN-m)

Figure 4.15 Comparison of Mn of analytical model with FEA results

Based on results from the analytical model, pretensioned girder-deck systems with a
corrosion level below 5% failed in flexural due to concrete crushing. As corrosion level was
15%, specimens failed in flexural due to strand rupture. For specimens with a corrosion level of
10%, the failure mode would be either CC or SR depending on values of other parameters.
Analytical model predicted the ultimate stress of corroded strands with reasonable
consistency when compared with the FEA results for pretensioned girder-deck system with CC
failure mode (Table 4.1). However, predictions of concrete ultimate compressive strain by the
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analytical model showed a scatter compared with FEA results for specimens with SR failure
mode (Table 4.2).
Table 4.1 (fps_corr)Pre./ (fps_corr)FEA and (Mn)Pre./ (Mn)FEA for pretensioned girder-deck system with
corroded (or unbonded) strands experiencing CC failure mode
Corrosion
Level (%)

Specimen
Numbers

0

(fps_corr )

Pre.

/(fps_corr )

(Mn )Pre. /(Mn )FEA

FEA

Mean

Standard
deviation

Coefficient
of variation

Mean

Standard
deviation

Coefficient
of variation

81

1.015

0.042

0.041

0.939

0.036

0.038

5

81

1.002

0.008

0.008

0.918

0.039

0.042

10

17

1.004

0.025

0.025

0.932

0.037

0.039

Total

178

1.009

0.030

0.030

0.929

0.039

0.042

Table 4.2 (εcu_SR)Pre./ (εcu_SR)FEA and (Mn)Pre./ (Mn)FEA for pretensioned girder-deck system with
corroded strands experiencing SR failure mode
Corrosion
Level (%)

Specimen
Numbers

10

(εcu_SR )Pre. /(εcu_SR )FEA

(Mn )Pre. /(Mn )FEA

Mean

Standard
deviation

Coefficient
of variation

Mean

Standard
deviation

Coefficient
of variation

52

0.914

0.192

0.210

0.951

0.050

0.053

15

81

1.051

0.171

0.163

0.957

0.054

0.056

Total

133

0.997

0.191

0.192

0.955

0.052

0.054

4.6 Summary and Conclusions
Details and results of the analytical model were provided in this chapter. FEA model
developed in previous chapter was applied to study different cases of pretensioned girder-deck
systems and provide ultimate stress of corroded tendons and concrete strain in compression at
ultimate state. The analytical model was developed based on the ratio of equivalent corrosion
length to depth of neutral axis (Ψcorr). Equations of Ψcorr were formulated for pretensioned girderdeck systems with CC or SR failure modes respectively.
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Results from the analytical model were compared to the flexural strength determined
from FEA models. This comparison demonstrated that the analytical model calculated the
flexural strength of pretensioned girder-deck system with corroded (or unbonded) strands with
good accuracy and the results obtained from the analytical model were generally on the safe side.
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5. Effects of Different Parameters
5.1 Introduction
This chapter studied the effects of different parameters on the residual flexural strength of
pretensioned PC girder-deck systems with corroded (or unbonded) strands. Concrete
compressive strength of pretensioned concrete girder and deck were 55.2 MPa (8 ksi) and 41.4
MPa (6 ksi), respectively, for all cases investigated. The interactions between each parameter
were also investigated. Following parameters were studied in this chapter: span-depth ratio
(L/dp=13.5, 18, 22.5), prestressing reinforcement ratio (ρp%=0.084, 0.096, 0.107, 0.119, 0.131),
corrosion level (ηs=0, 0.025, 0.05, 0.075, 0.1,0.125,0.15), number of corroded (or unbonded)
strand index (ηsn =0.25, 0.5, 0.75, 1) and corrosion (or unbonded) length index (ηsl=0.2, 0.3, 0.4,
0.5, 0.6). Impacts of each parameter were studied on three different conditions:
•

Pretensioned PC girder-deck systems with unbonded strands;

•

Corroded pretensioned PC girder-deck systems with CC failure mode;

•

Corroded pretensioned PC girder-deck systems with SR failure mode.

For each case, the flexural strength of a pretensioned girder-deck system with corroded
(or unbonded) strands was compared with the pretensioned girder-deck system with fully bonded
strands, calculated through AASHTO LRFD Bridge Design Specifications.
5.2 Pretensioned PC Girder-deck Systems with Unbonded Strands
5.2.1 Introduction
For a pretensioned girder-deck system with unbonded strands, the influence of unbonded
length, number of unbonded strands, span-depth ratio, and prestressing reinforcement ratio have
been investigated. Three hundred cases with different values of parameters mentioned above
93

were analyzed using the analytical model proposed in Chapter 4. Flexural capacity obtained from
the pretensioned girder-deck system with unbonded strands (Mn_ub) was compared with the fully
bonded pretensioned girder-deck system (Mn) according to AASHTO LRFD Bridge Design
Specifications.
5.2.2 Effect of Unbonded Length
The effect of unbonded length on the flexural capacity was investigated based on
different number of unbonded strand index, prestressing reinforcement ratios, and span-depth
ratios.
Figure 5.1 presents the value of Mn_ub/Mn affected by unbonded length, with different
numbers of unbonded strand index. A pretensioned PC girder-deck system with a reinforcement
ratio of 0.084% and a span-depth ratio of 18 was studied as an example. It was noted that, the
flexural capacity decreased with an increase in unbonded length. The reduction degree of
flexural capacity increased if more strands were unbonded. For the case studied, as the unbonded
length increased from 20% to 60% of the span, a pretensioned girder-deck system having an
unbonded strand index of 0.25 experienced a 1.43% reduction in flexural strength. Reduction of
flexural strength was 6.08% as all strands were unbonded.
Since the existence of slab on top of the pretensioned girder, the neutral axis at ultimate
state remained relatively stable for specimens with unbonded strands in this study. The flexural
strength of a pretensioned girder-deck system with unbonded strands was significantly affected
by the stress of strands at ultimate. An increase in unbonded length reduced the strain in
unbonded strands and resulted in a lower value of stress. The effect of unbonded length on the
flexural strength could be accumulated with an increase in the number of unbonded strands,
since the stress in bonded strands at ultimate state would not be affected significantly.
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Figure 5.2 presents the value of Mn_ub/Mn affected by unbonded length with different
prestressing reinforcement ratios. Pretensioned girder-deck systems with a span-depth ratio of 18
and a reinforcement ratio between 0.084% and 0.131% were studied as an example. 50% of
strands were unbonded in the specimens studied. As the unbonded length increased from 20% to
60% of the span, the reduction of Mn_ub/Mn remained stable among specimens with different
prestressing reinforcement ratios. So, the influence of prestressing reinforcement ratio on the
impact of unbonded length on the ultimate capacity was not taken into consideration in this
study.
Figure 5.3 illustrates the impact of unbonded length on flexural capacity based on spandepth ratio. Pretensioned girder-deck systems with a prestressing reinforcement ratio of 0.107%
and a span-depth ratio between13.5 and 22.5 were studied as an example. 50% of strands were
unbonded for the specimens studied. As the unbonded length increased from 20% to 60% of the
span, differences in the reduction of Mn_ub/Mn were less than 1%. So, the influence of span-depth
ratio on the impact of unbonded length on the ultimate capacity was also neglected in this study.

ρp% = 0.084, L/dp = 18
1.1

Mn_ub / Mn

1.0
0.9
0.8
ηsn
0.7

0.25
0.5
0.75
1

0.6
0.5
0.2

0.3

0.4

0.5

0.6

Unbonded length index (ηsl)

Figure 5.1 Effect of unbonded length on Mn_ub/ Mn based on number of unbonded strand index
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Figure 5.2 Effect of unbonded length on Mn_ub/ Mn based on prestressing reinforcement ratio

ρp% = 0.107, ηsn = 0.5
1.1
1.0

Mn_ub / Mn

0.9
0.8

𝐿/𝑑p
0.7
13.5
0.6

18
22.5

0.5
0.2

0.3

0.4

0.5

0.6

Unbonded length index (ηsl)

Figure 5.3 Effect of unbonded length on Mn_ub/ Mn based on span-depth ratio
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5.2.3 Effect of Number of Unbonded Strands
The influence of number of unbonded strand index on the flexural capacity of a
pretensioned PC girder-deck system was investigated based on different prestressing
reinforcement ratios and span-depth ratios.
Figure 5.4 shows the value of Mn_ub/Mn affected by the number of unbonded strand index
with different prestressing reinforcement ratios. Pretensioned PC girder-deck systems with a
span-depth ratio of 18 and a prestressing reinforcement ratio between 0.084% and 0.131% were
studied as an example. The unbonded length index of specimens studied was 0.4. It was noted
that flexural capacity decreased drastically with an increase in the number of unbonded strands.
For the case studied, when 25% of strands were unbonded, the reduction of flexural capacity was
less than 5%, regardless of the prestressing reinforcement ratio. When all strands were unbonded,
the reduction of flexural capacity varied from 16.34% to 24.61%, depending on the value of
prestressing reinforcement ratio.
Strain in unbonded tendons at nominal strength was normally smaller than that in bonded
tendons at the same level, which would result in a lower ultimate stress in unbonded tendons,
compared with the bonded ones. Since the neutral axis at ultimate for a girder-deck system with
unbonded strands was not affected significantly due to the existence of concrete deck, increasing
the number of unbonded strands reduced the total force in strands and resulted in a lower flexural
strength of the section.
The reduction degree of Mn_ub/Mn, based on the number of unbonded strand index, was
affected by the prestressing reinforcement ratio. For the case studied in Figure 5.4, as the number
of unbonded strand index increased from 0.25 to 1, Mn_ub/Mn of specimens with a prestressing
reinforcement ratio of 0.084% and 0.131%, reduced 14.60% and 20.39%, respectively. For
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specimens with the same number of unbonded strand index, more strands would be unbonded
with a higher prestressing reinforcement ratio.
Figure 5.5 describes the reduction degree of Mn_ub/Mn based on the number of unbonded
strand index, affected by the span-depth ratio. Pretensioned PC girder-deck systems with a
prestressing reinforcement ratio of 0.107% and a span-depth ratio between 13.5 and 22.5, were
studied as an example. The unbonded length index of the specimens studied was 0.4. As the
number of unbonded strand index increased from 0.25 to 1, Mn_ub/Mn decreased 16.65% and
19.47%, for specimens with a span-depth ratio of 13.5 and 22.5, respectively. Since the
difference was less than 3%, the influence of span-depth ratio on the impact of number of
unbonded strand index on the ultimate capacity was not considered in this study.

L/dp = 18, ηsl = 0.4
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Mn_ub / Mn
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0.9
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0.5
0.25

0.5
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Number of unbonded strand index (ηsn)

Figure 5.4 Effect of number of unbonded strands on Mn_ub/ Mn based on prestressing
reinforcement ratio
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ρp% = 0.107, ηsl = 0.4
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Figure 5.5 Effect of number of unbonded strands on Mn_ub/ Mn based on span-depth ratio

5.2.4 Effect of Span-Depth Ratio
Figure 5.6 shows the influence of span-depth ratio on the value of Mn_ub/Mn. The
unbonded length index and number of unbonded strand index for the pretensioned girder-deck
system in Figure 5.6 were 0.4 and 0.5, respectively. Flexural strength reduced with a higher
span-depth ratio. With the same value of unbonded length index, a specimen with a higher spandepth ratio had a longer unbonded length, which resulted in a lower stress in unbonded strands.
The reduction of Mn_ub/Mb was less than 3% with an increase in span-depth ratio from 13.5 to
22.5, regardless of the prestressing reinforcement ratio. The effect of span-depth ratio on the
reduction of Mn_ub/Mb was insignificant and ignored in this study.
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Figure 5.6 Effect of span-depth ratio on Mn_ub/ Mn based on prestressing reinforcement ratio

5.2.5 Effect of Prestressing Reinforcement Ratio
The influence of prestressing reinforcement ratio on the value of Mn_ub/Mn was studied,
as shown in Figure 5.7. The specimens in Figure 5.7 had a span-depth ratio of 18 and an
unbonded length index of 0.4. Impact of prestressing reinforcement ratio on the reduction of
flexural capacity increased with an increasing number of unbonded strands. When 25% of the
strands were unbonded, Mn_ub/Mn decreased 2.48%, as the prestressing reinforcement ratio
increased from 0.084% to 0.131%. The reduction was up to 8.27% as all the strands were
unbonded.
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Figure 5.7 Effect of prestressing reinforcement ratio on Mn_ub/ Mn based on number of unbonded
strand index
5.3 Corroded Pretensioned Girder-deck Systems with CC Failure Mode
5.3.1 Introduction
After studying all the cases, it was concluded that as corrosion level (ηs) was smaller or
equal to 7.5%, pretensioned PC girder-deck systems failed by crushing of concrete on the
compression side. The influence of corrosion level, corrosion length, number of corroded strand
index, span-depth ratio, and prestressing reinforcement ratio have been investigated for corroded
specimens with a CC failure mode. Over nine hundred cases with different values of parameters
mentioned above were analyzed using the analytical model introduced in Chapter 4. Flexural
capacity obtained from corroded specimens (Mn_corr) were compared with fully bonded
specimens (Mn) according to AASHTO LRFD Bridge Design Specifications.
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5.3.2 Effect of Corrosion Length
The effect of corrosion length on the flexural capacity was investigated based on different
number of corroded strand index, corrosion levels, prestressing reinforcement ratios, and spandepth ratios.
Figure 5.8 shows the value of Mn_corr/Mn affected by corrosion length, with different
numbers of corroded strands. A pretensioned PC girder-deck system with a reinforcement ratio
of 0.107% and a span-depth ratio of 18 was studied as an example. The corroded strand index
ranged from 0.25 to 1 with a corrosion level of 5%. It was noted that, the effect of corrosion
length on the flexural capacity of pretensioned girder-deck systems that had a CC failure mode
was insignificant. Reduction of the ultimate flexural capacity was only about 1% as the corrosion
length increased from 20% to 60% of the span, regardless of the number of corroded strand
index.
For specimens with unbonded strands, strain in unbonded tendons at ultimate state
normally fell within the linear elastic portion of the stress-strain curve of strands. Stress changed
significantly with the update of strain. However, strain at ultimate state, in corroded tendons with
a lower corrosion level, normally fell within the strain hardening region of the stress-strain curve
of corroded strands. So, stress in corroded strands at nominal strength remained relatively stable,
with the reduction of strain caused by longer corrosion length. Thus, the effect of corrosion
length on the flexural strength of corroded pretensioned girder-deck system with a CC failure
mode was insignificant.
Figure 5.9 presents the effect of corrosion length on the flexural capacity of pretensioned
girder-deck systems with different corrosion levels. A specimen with a prestressing
reinforcement ratio of 0.107% and a span-depth ratio of 18 was studied as an example. Corrosion
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level increased from 2.5% to 7.5% with 50% of corroded strands. As corrosion length increased
from 20% to 60% of the span, flexural capacity reduced 0.47%, 0.79%, and 1.78%, for
specimens with a corrosion level of 2.5%, 5% and 7.5%, respectively. Corrosion length had a
negligible effect on the flexural strength regardless of corrosion level.
It can be seen from Figures 5.10 and 5.11 that the impact of corrosion length on Mn_corr/
Mn was not significantly affected by the span-depth ratio and prestressing reinforcement ratio. In
addition, it was noted that the effects of span-depth ratio and prestressing reinforcement ratio on
Mn_corr/ Mn were very minor and could be neglected.
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Figure 5.8 Effect of corrosion length on Mn_corr/ Mn based on corroded strand index
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Figure 5.9 Effect of corrosion length on Mn_corr/ Mn based on corrosion level
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Figure 5.10 Effect of corrosion length on Mn_corr/ Mn based on prestressing reinforcement ratio
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Figure 5.11 Effect of corrosion length on Mn_corr/ Mn based on span-depth ratio

5.3.3 Effect of Number of Corroded Strands
The effect of number of corroded strand index on the flexural capacity was investigated
based on different corrosion levels, as shown in Figure 5.12. A pretensioned PC girder-deck
system with a span-depth ratio of 18 and a prestressing reinforcement ratio of 0.107% was
studied as an example. The corrosion level varied from 2.5% to 7.5% with a corrosion length
index of 0.4. It was noted that the flexural capacity decreased with an increase in the number of
corroded strands. The reduction degree of flexural strength appeared to be related to the
corrosion level. When corrosion level was 2.5%, Mn_corr decreased from 95% to 78% of Mn as
the number of corroded strand index increased from 25% to 100%. When corrosion level
increased to 7.5%, Mn_corr decreased from 93% to 71% of Mn. A higher corrosion level elevated
the impact of number of corroded strand index on the flexural capacity of pretensioned girderdeck systems. This was because the area of corroded strands decreased with an increase in the
corrosion level, in addition to the deterioration of strand material properties.
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Figure 5.12 Effect of number of corroded strand index on Mn_corr/ Mn based on corrosion level
5.3.4 Effect of Corrosion Level
To illustrate the effect of corrosion level on the flexural capacity, specimens with a
corrosion level varied from 2.5% to 7.5% and a corrosion length index of 0.4 were studied as an
example (Figure 5.13). The reference pretensioned girder-deck system had a prestressing
reinforcement ratio of 0.107% and a span-depth ratio of 18. As corrosion level increased from
2.5% to 7.5%, reduction of flexural strength was 2.39%, when 25% of strands were corroded.
When all strands were corroded, flexural strength reduced by 6.91%.
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Figure 5.13 Effect of corrosion level on Mn_corr/ Mn based on corroded strand index
5.4 Corroded Pretensioned Girder-deck Systems with SR Failure Mode
5.4.1 Introduction
After studying all the cases, it was observed that when corrosion level was higher or
equal to 12.5%, pretensioned girder-deck systems failed by strand rupture. Specimens with a
corrosion level of 10% in this study would fail either by concrete crushing or strand rupture. For
specimens with corroded strands having a SR failure mode, the effect of corrosion level,
corrosion length, number of corroded strands, span-depth ratio, and prestressing reinforcement
ratio have been investigated. Over eight hundred cases with different values of parameters
mentioned above were analyzed using the analytical model introduced in Chapter 4. The flexural
capacity obtained from the corroded specimens (Mn_corr) were compared with the fully bonded
specimens (Mn) according to AASHTO LRFD Bridge Design Specification.
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5.4.2 Effect of Corrosion Length
The effect of corrosion length on the flexural capacity was investigated based on different
number of corroded strand index, corrosion levels, prestressing reinforcement ratios, and spandepth ratios.
Figure 5.14 shows the value of Mn_corr/Mn affected by corrosion length, with different
numbers of corroded strands. A pretensioned PC girder-deck system with a reinforcement ratio
of 0.107% and a span-depth ratio of 18 was studied as an example. The corroded strand index
ranged from 0.25 to 1 with a corrosion level of 15%. It was noted that, a reduction in corrosion
length resulted in a lower flexural strength. In addition, impact of corrosion length on the
flexural strength became significant as the number of corroded strands decreased. As corrosion
length decreased from 60% to 20% of the span, Mn_corr/Mn decreased 7.16 % when 25% of
strands were corroded, and 2.89% when all the strands were corroded.
As for a corroded pretensioned girder-deck system with a SR failure mode, failure of the
member was controlled by the stress in corroded strands. The stress in corroded strands at
ultimate state were consistent with the tensile strength of corroded strands. Since depth of neutral
axis at ultimate state decreased as corrosion length increased and the ultimate strain of concrete
in compression increased, stress in bonded strands would increase based on the strain
compatibility. As a result, the flexural capacity increased. In other words, as corrosion length
increased, stress in corroded strands would decrease, which would allow more external load to be
carried by the specimen before reaching the stress limit. Therefore, the flexural strength
decreased with a reduction in corrosion length.
In addition, the impact of corrosion length on the ultimate strength appeared to be related
to the corrosion level. A pretensioned girder-deck system with a prestressing reinforcement ratio
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of 0.107% and a span-depth ratio of 18 was studied as an example (Figure 5.15). 25% of strands
were corroded with different corrosion levels. When corrosion level was 10%, flexural strength
increased by 3.45 % as corrosion length varied from 20% to 60% of the span. Flexural strength
increased by 7.16 % if the corrosion level was 15%.
In order to investigate whether the impact of corrosion length on the flexural capacity
would be affected by the prestressing reinforcement ratio, specimens with a prestressing
reinforcement ratio varying from 0.084% and 0.131% were studied as an example in Figure 5.16.
Half of the strands were corroded with a corrosion level of 15%. As corrosion length increased
from 20% to 60% of the span, increase of flexural strength varied from 4.83% to 6.14%,
depending on different prestressing reinforcement ratios. Since the difference between the
increments of flexural strength was less than 2%, the correlation between prestressing
reinforcement ratio and corrosion length was insignificant. As noted in Figure 5.16, effect of
prestressing reinforcement ratio on Mn_corr/ Mn was very minor and was neglected in this study.
Figure 5.17 shows the effect of corrosion length on the residual flexural capacity based
on a span-depth ratio between 13.5 to 22.5. Specimens with 50% corroded strands with a
corrosion level of 15% were studied as an example. Flexural capacity decreased by 4.47% as
corrosion length increased from 20% to 60%, for the specimen with a span-depth ratio of 13.5.
When the span-depth ratio was 22.5, the reduction of flexural capacity was 6.44%, as corrosion
length increased from 20% to 60%. The difference between the reductions was less than 2%. So,
the impact of corrosion length on Mn_corr/ Mn was not affected by the span-depth ratio
significantly. As shown in Figure 5.17, the span-depth ratio, between 13.5 and 22.5, had a minor
impact on the ultimate flexural capacity of corroded pretensioned girder-deck systems with a SR
failure mode (less than 5%) and was neglected in this study.
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Figure 5.14 Effect of corrosion length on Mn_corr/ Mn based on corroded strand index
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Figure 5.15 Effect of corrosion length on Mn_corr/ Mn based on corrosion level

110

L/dp = 18, ηs = 0.15, ηsn = 0.5
1.1
1.0

Mn_corr / Mn

0.9

ρp %
0.8
0.084
0.096

0.7

0.107
0.6

0.119
0.131

0.5
0.2

0.3

0.4

0.5

0.6

Corrosion length index (ηsl)

Figure 5.16 Effect of corrosion length on Mn_corr/ Mn based on prestressing reinforcement ratio
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Figure 5.17 Effect of corrosion length on Mn_corr/ Mn based on span-depth ratio

5.4.3 Effect of Number of Corroded Strands
The ultimate flexural strength was significantly affected by the number of unbonded
strands, as depicted in Figure 5.18. The reference specimen had a prestressing reinforcement
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ratio of 0.107% and a span-depth ratio of 18. Specimens shown in Figure 5.18 had a corrosion
length index of 0.4. Flexural strength decreased drastically with an increase in the number of
corroded strand index. The number of corroded strand index had a larger impact on the ultimate
flexural capacity of a pretensioned girder-deck system with a higher corrosion level. For the case
studied, increasing the corroded strand index from 0.25 to 1 would result in around 18% to 26%
reduction of flexural strength, depending on the corrosion level.
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Figure 5.18 Effect of number of corroded strand index on Mn_corr/ Mn based on corrosion level

5.4.4 Effect of Corrosion Level
Figure 5.19 illustrates the effect of corrosion level on the residual flexural capacity. A
specimen with a prestressing reinforcement ratio of 0.107% and a corrosion length index of 0.4
was studied as an example. 50% of strands were corroded with different corrosion levels. Mn_corr
reduced with an increase in the corrosion level. Based on the material model proposed by Zeng
et al. (2010), which was applied in this study, corroded strands with a corrosion level exceeding
8% had an elastic-brittle behavior. Ultimate stress of corroded strands for specimens with a SR
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failure mode decreased severely, in addition to the reduction of cross-sectional area caused by
corrosion. As for the case studied, flexural strength reduced by around 8% to 10% as corrosion
level increased from 10% to 15%.
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Figure 5.19 Effect of corrosion level on Mn_corr/ Mn based on span-depth ratio

5.5 Summary and Conclusions
Impacts of each parameter on the ultimate flexural strength of pretensioned PC girderdeck systems with corroded (or unbonded) strands have been discussed in this chapter. Flexural
strength of specimens with corroded (or unbonded) strands were compared with that of fully
bonded specimens according to AASHTO LRFD Bridge Design Specifications. Based on the
investigation of all the cases, the following conclusions were drawn:
a. Pretensioned PC girder-deck system with unbonded strands
1) Number of unbonded strand index has a major impact on the ultimate flexural
strength. When the unbonded strand ratio is less than 25%, the reduction of flexural
capacity is less than 5%. If all strands are unbonded, decrease in flexural capacity
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ranges from 9% to 28%, depending on the values of other parameters. Reduction
degree increases with an increase in the unbonded length and prestressing
reinforcement ratio.
2) Flexural strength decreases with an increase in unbonded length. The effect of
unbonded length on the flexural strength is affected by the number of unbonded
strand index. As the unbonded length increases from 20% to 60% of the span,
pretensioned girder-deck systems having an unbonded strand index below 25%
experience less than 2% reduction in flexural strength. Reduction of flexural strength
is about 5% to 7% as all strands are unbonded. Impact of unbonded length on the
flexural capacity is insignificantly affected by the prestressing reinforcement ratio and
span-depth ratio.
3) Reduction of flexural capacity increases as the prestressing reinforcement ratio
increases. As prestressing reinforcement ratio increases from 0.084% to 0.131%,
reduction of Mn_ub/Mn varies from 1.03% to 10.81%. The reduction degree increases
with an increase in the number of unbonded strand index.
4) Flexural strength decreases as the span-depth ratio increases. However, the impact of
span-depth ratio on the reduction of flexural strength is relatively small. The decrease
in Mn_ub/Mn is generally below 5% for a pretensioned girder-deck system with a spandepth ratio between 13.5 and 22.5.
b. Corroded pretensioned PC girder-deck system with a CC failure mode
1) When corrosion level is smaller or equal to 7.5%, pretensioned girder-deck systems
will fail by crushing of concrete on the concrete side.
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2) Number of corroded strand index has a major impact on ultimate flexural strength.
Flexural capacity decreases with an increase in the number of corroded strands. The
impact of corroded strand index on the ultimate flexural strength increases with an
increase in corrosion level.
3) Regardless of the corroded strand index, corrosion level, prestressing reinforcement
ratio and span-depth ratio, the corrosion length has an insignificant effect on the
ultimate flexural strength (less than 2%).
4) Flexural strength decreases as corrosion level increases. The impact of corrosion level
on the reduction of flexural strength is dependent on the number of corroded strand
index.
5) Span-depth ratio and prestressing reinforcement ratio have a negligible effect on the
reduction of flexural strength of a pretensioned girder-deck system with a CC failure
mode.
c. Corroded pretensioned PC girder-deck system with a SR failure mode
1) When corrosion level is larger or equal to 12.5%, pretensioned girder-deck systems
will experience SF failure mode.
2) Number of corroded strand index has a major impact on the ultimate flexural strength.
The number of corroded strand index has a larger impact on the ultimate flexural
strength of a pretensioned girder-deck system with a higher corrosion level.
3) Flexural capacity reduces with an increase in the corrosion level. The impact of
corrosion level on the reduction of flexural capacity is related to both the corrosion
length index and number of corroded strand index.
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4) A reduction of corrosion length results in a lower flexural strength of corroded
pretensioned girder-deck system with a SR failure mode. The corrosion length has a
larger impact on the flexural strength of a pretensioned girder-deck system with a
higher corrosion level and a smaller number of corroded strand index. For
pretensioned girder-deck systems having a 15% corrosion level, as corrosion length
decreases from 60% to 20% of the span, flexural strength decreases around 2% to 8%,
depending on the number of corroded strand index. The impact of corrosion length on
Mn_corr/ Mn is not significantly affected by the prestressing reinforcement ratio and
span-depth ratio.
5) Span-depth ratio and prestressing reinforcement ratio have a negligible effect on the
reduction of flexural strength of corroded pretensioned girder-deck system with a SR
failure mode.
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6. Simplified Analytical Model
6.1 Introduction
Compared to FEA method, the analytical model developed in Chapter 4 is more efficient
to calculate the residual flexural capacity of pretensioned PC girder-deck system with corroded
(or unbonded) strands. However, iterations in the analytical model make it difficult to get a result
manually. A simplified model was developed in this chapter and compared with the FEA and
analytical results.
6.2 Methodology
Analytical model proposed previously was used to obtain the residual flexural capacity of
2100 pretensioned girder-deck systems as shown in Figure 6.1. Following parameters were
considered: span-depth ratio, prestressing reinforcement ratio, corrosion level, number of
corroded (or unbonded) strand index and corrosion (or unbonded) length index. Flexural moment
reduction factor (Φcorr) was acquired through the comparison between residual flexural capacity
of pretensioned girder-deck systems with corroded (or unbonded) strands with that of fully
bonded pretensioned girder-deck systems. Equation of Φcorr was empirically derived in
consideration of above parameters through the database of 2100 cases.
Residual flexural capacity of pretensioned girder-deck systems with corroded (or
unbonded) strands can be acquired through multiplying the flexural strength of fully bonded
pretensioned girder-deck systems according to AASHTO LRFD Bridge Design Specifications
with a flexural moment reduction factor (Φcorr).
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Analytical Models
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Figure 6.1 Cases analyzed with the analytical model
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6.3 Development of the Simplified Analytical Model
After studying all cases, it was concluded that, for pretensioned girder-deck systems with
unbonded strands, flexural moment reduction factor was mainly affected by the number of
unbonded strand index, unbonded length index, and prestressing reinforcement ratio. For
corroded pretensioned girder-deck systems with CC failure mode, flexural moment reduction
factor was mostly decided by the number of corroded strand index and corrosion level. However,
for pretensioned girder-deck systems with corroded strands experiencing SR failure mode,
corrosion length index also needed to be considered, in addition to the number of corroded strand
index and corrosion level.
Multiple regression analyses of flexural moment reduction factor (Φcorr) were developed
separately for each kind of girder-deck systems mentioned above.
Equations of the flexural moment reduction factor (Φcorr) were presented as follows:
1) Pretensioned PC girder-deck systems with unbonded strands
𝛷𝑐𝑜𝑟𝑟_𝑢𝑏 = 𝜆 − 𝛼1 𝜂𝑠 − 𝛼2 𝜂𝑠𝑛 − 𝛼3 𝜂𝑠𝑙 ≤ 1

(6.1)

Where,
λ = 1.06 − 0.082ρp %
α1 = 0
α2 = 1.79ρp % + 0.095ηsl + 0.005
α3 = 0.039
2) Corroded pretensioned PC girder-deck systems with CC failure mode
𝛷𝑐𝑜𝑟𝑟_𝐶𝐶 = 𝜆 − 𝛼1 𝜂𝑠 − 𝛼2 𝜂𝑠𝑛 − 𝛼3 𝜂𝑠𝑙 ≤ 1
Where,
λ = 1.00
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(6.2)

α1 = 0.087
α2 = 1.41ηs + 0.17
α3 = 0
3) Corroded pretensioned PC girder-deck systems with SR failure mode
𝛷𝑐𝑜𝑟𝑟_𝑆𝑅 = 𝜆 − 𝛼1 𝜂𝑠 − 𝛼2 𝜂𝑠𝑛 − 𝛼3 𝜂𝑠𝑙 ≤ 1

(6.3)

Where,
λ = 1.07
α1 = 1.32
α2 = 1.93ηs + 0.1ηsl + 0.0043
α3 = −1.11ηs − 0.015
Coefficient of determination (R2) for above three cases are 0.96, 0.97, and 0.99,
respectively. Failure modes of pretensioned girder-deck systems with corroded strands in this
study were mostly decided by the corrosion level. When corrosion level was smaller or equal to
7.5%, pretensioned girder-deck systems had a CC failure mode. As corrosion level was larger or
equal to 12.5%, strand rupture controlled the failure mode. For pretensioned girder-deck systems
with a corrosion level between these two boundaries, failure modes would be affected by spandepth ratio, prestressing reinforcement ratio, number of corroded strand index, and corrosion
length index. For a pretensioned concrete girder with a prestressing reinforcement ratio between
0.084% and 0.131%, and a corrosion level between 0 and 15%, the flexural moment reduction
factor (Φcorr) can be obtained using the equation (6.4):

𝛷𝑐𝑜𝑟𝑟

𝛷𝑐𝑜𝑟𝑟_𝐶𝐶 ,
0 < 𝜂𝑠 ≤ 7.5%
= {min[𝛷𝑐𝑜𝑟𝑟_𝐶𝐶 , 𝛷𝑐𝑜𝑟𝑟_𝑆𝑅 ] , 7.5% < 𝜂𝑠 < 12.5%
𝛷𝑐𝑜𝑟𝑟_𝑆𝑅 ,
12.5% ≤ 𝜂𝑠 ≤ 15%
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(6.4)

After calculating the flexural strength reduction factor, residual flexural moment capacity
can be obtained using the equation:
𝑀𝑛_𝑐𝑜𝑟𝑟 = 𝛷𝑐𝑜𝑟𝑟 𝑀𝑛

(6.5)

where,
𝑀𝑛_𝑐𝑜𝑟𝑟 = nominal flexural resistance of a cross section with corroded strands
𝑀𝑛

= nominal flexural resistance of the cross section with fully bonded strands

At nominal flexural resistance, the neutral axis was within the deck for all fully bonded
sections in this study as shown in Figure 6.2.
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Figure 6.2 Stress and strain distribution of a fully bonded section
Mn can be calculated per AASHTO LRFD Bridge Design Specifications (2012):
𝑎

𝑎

𝑎

𝑀𝑛 = 𝐴𝑝𝑠 𝑓𝑝𝑠 (𝑑𝑝 − 2) + 𝐴𝑠 𝑓𝑠 (𝑑𝑠 − 2) − 𝐴′𝑠 𝑓𝑠′ (𝑑𝑠′ − 2)

(6.6)

where “a” is depth of equivalent stress block which equals to (c β1); Aps, As and As’ are
the area of prestressing steel, non-prestressed tension and compression steel; dp, ds and ds’ are
distance from the extreme compression fiber to the centroid of prestressing strands, non121

prestressed tension and compression steel, respectively; fs and fs’ are stress in the mild tension
and compression reinforcement at nominal flexural resistance specified in Eq. (3.5) for Grade 60
steel; fps is the average stress in prestressing steel at nominal bending resistance and is calculated
per AASHTO LRFD Eq. (5.7.3.1.1) as follows:
𝑐

𝑓𝑝𝑠 = 𝑓𝑝𝑢 (1 − 𝑘 𝑑 )

(6.7)

𝑝

Where k is 0.28 for low-relaxation strands; fpu is the tensile strength of prestressing
strand; c is the neutral axis and is obtained using equation:
c=

𝐴𝑝𝑠 𝑓𝑝𝑢 +𝐴𝑠 𝑓𝑠 −𝐴′𝑠 𝑓𝑠′
0.85𝑓𝑐′ 𝛽1 b+𝑘𝐴𝑝𝑠

(6.8)

𝑓𝑝𝑢
𝑑𝑝

Where b is the width of concrete deck; fc’ is the concrete compressive strength of deck;
β1 is the stress block factor per AASHTO LRFD 5.7.2.2.
0.65 ≤ 𝛽1 = 0.85 − 0.005

𝑓𝑐′ −4000
1000

≤ 0.85 (𝑝𝑠𝑖)

Figure 6.3 shows the algorithm to calculate the residual flexural capacity of a
pretensioned girder-deck system with corroded (or unbonded) strands.
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(6.9)

Start

Assume fully bonded

Assume fs′ = fy , fs = fy

𝑐 (Eq. 6.8)

εcu (ds − c)
c
εcu (c − d′s )
ε′s =
c
εs =

fs , fs′ (Eq. 3.5)

c (Eq. 6.8)

fps (Eq. 6.7)

Mn (Eq. 6.6)
𝛷𝑐𝑜𝑟𝑟 (𝐸𝑞. 6.4)
Mn_corr (Eq. 6.5)
End

Figure 6.3 Flowchart to calculate the ultimate flexural strength of pretensioned girder-deck
systems with corroded (or unbonded) strands

6.4 Validation of the Simplified Analytical Model
6.4.1 Validation against the Analytical Model
Flexural strength of pretensioned girder-deck systems from the simplified analytical
model were compared with results from detailed analytical model as shown in Figures 6.4 to 6.7.
Residual flexural strengths obtained from the simplified analytical model are in good
agreement with results from detailed analytical model. As the corrosion level was between 7.5%
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and 12.5%, results from the simplified analytical model are conservative compared with the
analytical model.
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Figure 6.4 Comparison of Mn_ub between simplified and detailed analytical model for
pretensioned girder-deck systems with unbonded strands
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Figure 6.5 Comparison of Mn_corr between simplified and detailed analytical model for corroded
pretensioned girder-deck systems (0 < ηs ≤ 7.5%)
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Figure 6.6 Comparison of Mn_corr between simplified and detailed analytical model for corroded
pretensioned girder-deck systems (12.5% ≤ ηs ≤ 15%)
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Figure 6.7 Comparison of Mn_corr between simplified and detailed analytical model for corroded
pretensioned girder-deck systems (7.5% < ηs < 12.5%)
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6.4.2 Validation against the FEA Model
Figure 6.8 shows results obtained from the simplified analytical model and FEA model. It
can be observed that prediction of flexural moment at ultimate state with the simplified model is
generally on the safe side compared with the FEA results.
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Figure 6.8 Comparison of Mn_corr between simplified analytical model and FEA results

6.5 Summary and Conclusions
In this chapter a simplified analytical model based on flexural strength reduction factor
(Φcorr) for predicting residual flexural strength of pretensioned girder-deck systems with corroded
(or unbonded) strands was developed. Parameters including span-depth ratio, prestressing steel
ratio, number of corroded (or unbonded) strand index and corrosion (or unbonded) length index
were considered in the regression models of Φcorr. The residual flexural strength of pretensioned
girder-deck systems with corroded (or unbonded) strands can be obtained by multiplying Φcorr
with the original flexural strength in accordance with the AASHTO LRFD equations.
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In this study, when corrosion level was smaller or equal to 7.5%, pretensioned girderdeck systems had a CC failure mode; as corrosion level was larger or equal to 12.5%,
pretensioned girder-deck systems experienced a SR failure mode. If corrosion level was between
7.5% and 12.5%, failure modes would be affected by span-depth ratio, prestressing steel ratio,
number of corroded strand index, and corrosion length index.
Flexural strength based on the simplified analytical model was compared with the
detailed analytical model and FEA model. The comparisons showed that the simplified analytical
model presented in this chapter could predict the residual flexural strength of pretensioned
girder-slab systems with corroded (or unbonded) strands.
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7. Summary and Conclusions
7.1 Summary
The research presented in this document is an in-depth study of the residual flexural
capacity of pretensioned girder-slab systems with unbonded and/or corroded strands. A detailed
analytical investigation was performed using the FEA method and other numerical methods.
The FEA model considered the cross-sectional area loss and deterioration of strand
caused by corrosion, in addition to the bond loss. Extrusion technique was used to simulate the
bond between prestressing strands and surrounding concrete. After calibrating the FEA model
with available experimental results, an analytical model was conducted based on the data from
the parametric study with the FEA model. The analytical model was used to evaluate the impact
of different variables on the flexural strength of pretensioned PC girder-slab systems with
unbonded and/or corroded strands. The variables investigated in this study included: span-depth
ratio, prestressing reinforcement ratio, number of corroded (or unbonded) strand index, corrosion
(or unbonded) length and corrosion level. A simplified analytical model to estimate the residual
flexural capacity of pretensioned girder-slab systems subjected to bond deterioration and/or
corrosion was also presented. The results of the FEA and detailed analytical model were used to
evaluate the accuracy of the proposed simplified analytical model.
7.2 Conclusions
Based on the results of this study, the following conclusions were drawn:
a. Pretensioned PC girder-deck system with unbonded strands
1) Number of unbonded strand index has a major impact on the ultimate flexural
strength. When the unbonded strand ratio is less than 25%, the reduction of flexural
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capacity is less than 5%. If all strands are unbonded, decrease in flexural capacity
ranges from 9% to 28%, depending on the values of other parameters. Reduction
degree increases with an increase in the unbonded length and prestressing
reinforcement ratio.
2) Flexural strength decreases with an increase in unbonded length. The effect of
unbonded length on the flexural strength is affected by the number of unbonded
strand index. As the unbonded length increases from 20% to 60% of the span,
pretensioned girder-deck systems having an unbonded strand index below 25%
experience less than 2% reduction in flexural strength. Reduction of flexural strength
is about 5% to 7% as all strands are unbonded. Prestressing reinforcement ratio and
span-depth ratio do not significantly affect the impact of unbonded length on the
flexural capacity.
3) Reduction of flexural capacity increases as the prestressing reinforcement ratio
increases. As prestressing reinforcement ratio increases from 0.084% to 0.131%,
reduction of Mn_ub/Mn varies from 1.03% to 10.81%. The reduction degree increases
with an increase in the number of unbonded strand index.
4) Flexural strength decreases as the span-depth ratio increases. However, the impact of
span-depth ratio on the reduction of flexural strength is relatively small. The decrease
in Mn_ub/Mn is generally below 5% for a pretensioned girder-deck system with a spandepth ratio between 13.5 and 22.5.
b. Corroded pretensioned PC girder-deck system with a CC failure mode
1) When corrosion level is smaller or equal to 7.5%, pretensioned girder-deck systems
will fail by crushing of concrete on the concrete side.
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2) Number of corroded strand index has a major impact on ultimate flexural strength.
Flexural capacity decreases with an increase in the number of corroded strands. The
impact of corroded strand index on the ultimate flexural strength increases with an
increase in corrosion level.
3) Regardless of the corroded strand index, corrosion level, prestressing reinforcement
ratio and span-depth ratio, the corrosion length has an insignificant effect on the
ultimate flexural strength (less than 2%).
4) Flexural strength decreases as corrosion level increases. The impact of corrosion level
on the reduction of flexural strength is dependent on the number of corroded strand
index.
5) Span-depth ratio and prestressing reinforcement ratio have a negligible effect on the
reduction of flexural strength of a pretensioned girder-deck system with a CC failure
mode.
c. Corroded pretensioned PC girder-deck system with a SR failure mode
1) When corrosion level is larger or equal to 12.5%, pretensioned girder-deck systems
will experience SF failure mode.
2) Number of corroded strand index has a major impact on the ultimate flexural strength.
The number of corroded strand index has a larger impact on the ultimate flexural
strength of a pretensioned girder-deck system with a higher corrosion level.
3) Flexural capacity reduces with an increase in the corrosion level. The impact of
corrosion level on the reduction of flexural capacity is related to both the corrosion
length index and number of corroded strand index.
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4) A reduction of corrosion length results in a lower flexural strength of corroded
pretensioned girder-deck system with a SR failure mode. The corrosion length has a
larger impact on the flexural strength of a pretensioned girder-deck system with a
higher corrosion level and a smaller number of corroded strand index. For
pretensioned girder-deck systems having a 15% corrosion level, as corrosion length
decreases from 60% to 20% of the span, flexural strength decreases around 2% to 8%,
depending on the number of corroded strand index. The impact of corrosion length on
Mn_corr/ Mn is not significantly affected by the prestressing reinforcement ratio and
span-depth ratio.
5) Span-depth ratio and prestressing reinforcement ratio have a negligible effect on the
reduction of flexural strength of corroded pretensioned girder-deck system with a SR
failure mode.
7.3 Limitations and Recommendations for Future Study
1. Experimental studies on the flexural strength of pretensioned girder-deck systems
with corroded strands are very limited. It is recommended that further experiments
are performed for the verification of the developed models in this study.
2. Bond failure and shear failure were not considered in this study, which may happen in
practice. Therefore, further studies on other types of failure are recommended.
3. Corrosion is assumed to occur only on the tension side in the flexural zone. It is
therefore recommended that the occurrence of corrosion in the compression zone or
other locations be also investigated.
4. It was observed that most of the pretensioned girder-deck systems with corroded
strands exhibited lower ductility than uncorroded systems. Therefore, it is
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recommended to investigate the adoption of a conservative strength reduction factor
to reflect lower ductility, in addition to the reduction factor (Φcorr) due to corrosion.
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Notation
𝑎
𝐴𝑜
𝐴𝑐𝑜𝑟𝑟
𝐴𝑘
𝐴𝑠
𝐴𝑝𝑠

=
=
=
=
=
=
=
=

depth of equivalent stress block
cross-sectional area of an uncorroded prestressing strand
cross-sectional area of a corroded prestressing strand
concrete area of the kth lamina
area of nonprestressed tension reinforcement
area of prestressing steel
area of compression reinforcement
area of corroded prestressing steel

𝑐
𝐶𝑐
𝐶𝑠
𝑑𝑏
𝑑𝑚

=
=
=
=
=
=

𝑑𝑝

=

𝑑𝑝_𝑐𝑜𝑟𝑟

=

𝑑𝑠

=

𝑑𝑠′

=

𝐸𝑐
𝐸𝑝𝑐
𝐸𝑝𝑠
𝐸𝑠
𝐹
𝑓

=
=
=
=
=
=

width of the concrete deck
distance from the extreme compression fiber to the neutral axis
concrete compression force
compression force in compression reinforcement
nominal diameter of a prestressing strand
distance from the extreme top fiber of concrete to the centroid of the kth lamina
distance from the extreme compression fiber to the centroid of the prestressing
strands
distance from the extreme compression fiber to the centroid of the corroded
prestressing strands
distance from the extreme compression fiber to the centroid of the
nonprestressed tensile reinforcement
distance from the extreme compression fiber to the centroid of the compression
reinforcement
modulus of elasticity of concrete
modulus of elasticity of corroded prestressing strand
modulus of elasticity of prestressing strand
modulus of elasticity of nonprestressed reinforcement
Faraday’s constant (96485 C/mol)
loading type factor in Eq. (4.4)

𝑓𝑐
𝑓𝑐′
𝑓𝑝𝑢
𝑓𝑝𝑦
𝑓𝑝𝑢𝑐
𝑓𝑝𝑒
𝑓𝑝𝑠

=
=
=
=
=
=
=

𝐴′𝑠
𝐴𝑝𝑠_𝑐𝑜𝑟𝑟
𝑏

concrete compressive stress corresponding to εc
compressive strength of concrete
tensile strength of prestressing strand
yield strength of prestressing strand
tensile strength of corroded prestressing strand
effective stress in prestressing steel after losses
average stress in prestressing steel at the time for which the nominal bending
resistance of member is required
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𝑓𝑝𝑠_𝑐𝑜𝑟𝑟
𝑓𝑝𝑦
𝑓𝑟
𝑓𝑠
𝑓𝑠′
𝑖𝑐𝑜𝑟𝑟
𝑘
𝐿
𝐿𝑎
𝐿𝑐𝑜𝑟𝑟
𝑙𝑒
𝐿𝑝
𝐿𝑝_𝑐𝑜𝑟𝑟
𝐿𝑡𝑟
𝑚
𝑀
𝑀𝑛
𝑀𝑛_𝑐𝑜𝑟𝑟
𝑀𝑛_𝑢𝑏
𝑛
𝑡
𝑇𝑠
𝑇𝑝𝑠
𝑇𝑝𝑠_𝑐𝑜𝑟𝑟
𝑤𝑐
𝑤𝑜
𝑍
𝛽1
𝜀𝑐
𝜀𝑐𝑒
(𝜀𝑐_𝑡𝑑 )𝑢
(𝜀𝑐_𝑡𝑑 )𝑢𝑙𝑡
𝜀𝑐𝑢

= average stress in corroded prestressing steel at the time for which the nominal
bending resistance of member is required
= yield strength of prestressing steel
= concrete modulus of rupture
= stress of reinforcing bars in tension corresponding to εs
= stress of compression bars corresponding to εs
= corrosion current density
= factor in Eq. (6.7)
= length of member between the centerline of the supports
= length of prestressing strands between anchorages
=
=
=
=
=
=
=
=
=

corrosion length
effective tendon length (same as La for simply supported girders)
equivalent plastic hinge length
equivalent corrosion length
transfer length of prestressing steel
weight loss
atomic mass of Fe (56g)
nominal flexural resistance of a cross section with fully bonded strands
nominal flexural resistance of a cross section with corroded strands

=
=
=
=
=
=
=
=
=
=

nominal flexural resistance of a cross section with unbonded strands
total number of laminas for a section
time
tension force in reinforcing bars
tension force in fully bonded prestressing strands
tension force in corroded prestressing strands
density of concrete
reference density of concrete in Eq. (3.1)
atomic charge (2 for anodic reaction)
stress block factor

= concrete compressive strain
= concrete pre-compressive strain
= fictitious concrete strain at tendon level in midspan as the concrete strain at
extreme compressive fiber in midspan reaches the failure strain for a unbonded
post-tensioned girder
= fictitious concrete strain at tendon level in midspan at ultimate for a corroded
pretensioned concrete girder
= failure strain of concrete in compression
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𝜀∗𝑐𝑢

=
=
=
=
=
=
=
=
=
=

strain of concrete in compression at ultimate
strain of concrete in compression when strand rupture
concrete compressive strain at peak stress
strain of prestressing strand in tension
failure strain of prestressing strand in tension
strain of corroded prestressing strand in tension
strain of corroded prestressing strand in tension
yield strain of corroded prestressing strand in tension
failure strain of corroded prestressing strand in tension
strain of reinforcing bars

𝛹
𝛹𝑐𝑜𝑟𝑟
𝛹𝑐𝑜𝑟𝑟_𝐶𝐶

=
=
=
=
=
=
=
=
=

𝛹𝑐𝑜𝑟𝑟_𝑆𝑅

=

𝜌
𝛷𝑐𝑜𝑟𝑟
𝛷𝑐𝑜𝑟𝑟_𝑢𝑏

=
=
=

𝛷𝑐𝑜𝑟𝑟_𝐶𝐶

=

𝛷𝑐𝑜𝑟𝑟_𝑆𝑅

=

𝜂𝑠

=

yield strain of reinforcing
effective pre-strain of prestressing steel after losses
strain of compression bars
increase in strain in corroded strand beyond the effective prestress
increase in strain in unbonded strand beyond the effective prestress
stress of corroded prestressing strand corresponding to the strain εpc
ratio of the equivalent plastic hinge length to the depth of neutral axis
ratio of the equivalent corrosion length to the depth of neutral axis
ratio of the equivalent corrosion length to the depth of neutral axis for a
pretensioned girder-deck system failed in concrete crushing
ratio of the equivalent corrosion length to the depth of neutral axis for a
pretensioned girder-deck system failed in strand rupture
prestressing reinforcement ratio
flexural moment reduction factor
flexural moment reduction factor for a pretensioned girder-deck system with
unbonded strands
flexural moment reduction factor for a pretensioned girder-deck system failed
in concrete crushing
flexural moment reduction factor for a pretensioned girder-deck system failed
in strand rupture
corrosion level of a prestressing strand

𝜂𝑠𝑛
𝜂𝑠𝑙

= number of corroded (or unbonded) strand index
= corrosion (or unbonded) length index

𝜀𝑐𝑢_𝑆𝑅
𝜀0
𝜀𝑝𝑠
𝜀𝑝𝑢
𝜀𝑝𝑠_𝑐𝑜𝑟𝑟
𝜀𝑝𝑐
𝜀𝑝0𝑐
𝜀𝑝𝑢
𝜀𝑠
𝜀𝑠𝑦
𝜀𝑠𝑒
𝜀𝑠′
∆𝜀𝑝𝑠_𝑐𝑜𝑟𝑟
∆𝜀𝑝𝑠
𝜎𝑝𝑐
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Appendix
icorr ∙ t ∙ M
Z∙F
fpe
ltr = (
)d
3000 b

(2.1)

m=

(2.2)

Ec = 8470(fc′ )1/3 (wc ⁄w0 )1.17
fc = [

(β1 + 1)(εc ⁄ε0 ) ′
]f
(εc ⁄ε0 )β1 +1 + β1 c

fr = 0.24√fc′

(MPa)

270 −

(3.3)
εps ≤ 0.0085

0.04
,
εps − 0.007

ε s Es ,
fs = {
fy ,
ηs =

(3.2)

(ksi)

Eps εps ,
fps = {

(3.1)

(MPa)

εps > 0.0085

(ksi)

(3.4)

εs ≤ εsy
εs > εsy

(3.5)

Ao − Acorr
Ao

Epc = (1 − 0.848ηs )Eps
fpuc =

(1 − 2.683ηs )fpu
1 − ηs

(3.6)
(MPa)

(3.7)

(MPa)

(3.8)

(1 − 9.387ηs )εpu ,
εpuc = {
fpuc⁄Epc ,

ηs ≤ 0.08
ηs > 0.08

εpc Epc ,
0.15fpuc
σpc = {
0.85fpuc + (εpc − εp0c ) (
),
εpuc − εp0c

(3.9)
εpc ≤ εp0c
εpc > εp0c

(MPa)

σpc = εpc Epc

(3.10)
(3.11)

∆εps = (εcu

dp − c
Lp
+ εce )
c
La

(4.1)

∆εps = (εcu

dp − c Lp
)
c
La

(4.2)

εps = (εcu
Ψ=

dp − c
)Ψ
La

(4.3)

20.7
+ 10.5
f

(4.4)

L
L
Ψ = 0.9664(ρ%)2 − (0.0877 + 4.4921) ρ% + 0.6786 + 3.8643
d
d
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(4.5)

dp − c
fps = fpe + 900(
) ≤ fpy
le
∆εps_corr = (εcu
Ψcorr =

(4.6)

dp_corr − c Lp_corr
)
c
Lcorr

(4.7)

Lp_corr
c

∆εps_corr = (εcu

(4.8)
dp_corr − c
)Ψcorr
Lcorr

(4.9)

∆εps_corr = εps_corr − εse
∆εps_corr = (εcu

(4.10)

dp_corr − c Lp_corr
)
c
Lcorr

(4.11)

(εps_corr − εse )Lcorr
dp_corr − c
εcu
c
εcu (c − (dm )k )
(εc )k (c) =
c
εcu (c − ds )
εs (c) =
c
εcu (c − d′s )
′ (c)
εs
=
c
Lp_corr =

εps (c) =

(4.12)
(4.13)
(4.14)
(4.15)

εcu (c − dp )
+ εpe
c

(4.16)

n

Cc (c) = ∑(fc )k (c)Ak

(4.17)

k=1

Tps (c) = Aps fps (c)

(4.18)

Ts (c) = As fs (c)

(4.19)

Cs (c) = A′s fs′ (c)

(4.20)

Tps_corr = Aps_corr fps_corr

(CC)

(4.21)

Tps_corr = Aps_corr fpuc

(SR)

(4.22)

Cc + Cs − Tps − Tps_corr − Ts = 0
ρp %

(4.23)
−0.987

√ηsn

(4.24)

Ψcorr_CC = 0.299 [
+ 1)]
(
√L⁄dp ηsl + 2.5√ηs
Ψcorr_SR

ρp %

√ηsn + 6
= 0.043 [
2 (η + 7η )]
sl
s
(L⁄dp )

−0.886

(4.25)
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∆εps_corr = (εcu

dp_corr − c
)Ψcorr_CC
Lcorr

(4.26)

Δεps_corr Lcorr
1
εcu_SR = (
)
dp_corr − c Ψcorr_SR

(4.27)
n

Mn_corr = Tps dps + Tps_corr dp_corr + Ts ds − ∑(fc )k (c)Ak (dm )k − Cs d′s

(4.28)

k=1

Φcorr_ub = (1.06 − 0.082ρp %) − (1.79ρp % + 0.095ηsl + 0.005)ηsn − 0.039ηsl ≤ 1

(6.1)

Φcorr_CC = 1 − 0.087ηs − (1.41ηs + 0.17)ηsn ≤ 1

(6.2)

Φcorr_SR = 1.07 − 1.32ηs − (1.93ηs + 0.1ηsl + 0.0043)ηsn + (1.11ηs + 0.015)ηsl ≤ 1

(6.3)

Φcorr_CC ,
Φcorr_SR ,
Φcorr = {
min[Φcorr_CC , Φcorr_SR ] ,

(6.4)

0 < ηs ≤ 7.5%
12.5% ≤ ηs ≤ 15%
7.5% < ηs < 12.5%

Mn_corr = Φcorr Mn

(6.5)

a
a
a
Mn = Aps fps (dp − ) + As fs (ds − ) − A′s fs′ (d′s − )
2
2
2
c
fps = fpu (1 − k )
dp
c=

Aps fpu + As fs − A′s fs′
fpu
0.85fc′ β1 b + kAps
dp

0.65 ≤ β1 = 0.85 − 0.005

(6.6)
(6.7)

(6.8)
fc′ − 4000
≤ 0.85 (psi)
1000
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(6.9)
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